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ABSTRACT 

After reviewing the progress from visual to photoelectric heterochromatic photometric 
techniques which are in accordance with C.I.E. recommendations, a fairly detailed description 
is given of the design and performance of a new dispersion and mask type of photoelectric 
CLE. average eye, colorimeter, and spectral band apparatus. Reference is also made to 
liquid filters for use with photocells to give approximations to C.I.E. average eye response 
and to a new design of universal photoelectric photometer for use with them. Methods 
are described of ensuring accurate electrical measurements when setting up tubular fluorescent 
lamps in photometers, together with details of the precautions which must be taken because 
of their characteristics and as the result of the special photometric integration problems 
which they introduce. Finally, mention is made of the precautions which must be taken 
when measuring with photoelectric illumination meters the illumination from such lamps 
at low mounting heights, and reasons for deprecating the practice of specifying the colour 
of these lamps in terms of colour temperature. 
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(1) Introduction. 

In the early days of electric dis- 
charge lamps, reliable but laborious 
visual heterochromatic photometric 
techniques were established for effect- 
ing the step from the directional 
candle - power’ tungsten filament 
standard and substandard lamps, in 
which the unit of candle-power is 
held at the National Laboratories, to 
electric discharge lamp sources differ- 
ing greatly in colour and spectral 
energy distribution. 

Since those days, the photometric 
problems have increased greatly with 
the rapid developments of fluorescent 
discharge lamps in their many shapes, 
sizes, and colours. . 

Fluorescent lamps not only involve 
the colour step from tungsten fila- 
ment standard lamps, but because of 
their near approach to radiation of 
continuous form, in order to appraise 
their performance it is desirable to 
measure their colour rendering pro- 
perties in terms of spectral luminosity 
distribution. Also, due to their 
peculiar characteristics, special pre- 
cautions must be taken to ensure 
stability during measurement, and be- 
cause of their shape, integration 
problems arise when they are 
measured for total lumens in photo- 
metric integrators. 

It is the purpose of this paper to 
survey these new problems and 
describe the apparatus and techniques 
both visual and photometric which 
have been developed to deal with 
them. 


(2) Established Standards Labora- 
tory, Visual Techniques, and C.I.E. 


Recommendations. 
In 1934, visual heterochromatic 
photometric techniques were de- 


veloped by Buckley('), and _ con- 
currently by the author and his 
colleagues(7), who independently 
established the minimum colour 
difference method as the preferred 
technique. Such measurements were 
of necessity laborious, and the accur- 
acy achieved depended mainly on the 
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number of selected and trained visual 
observers available and the number 
of occasions on which measurements 
were made. 


The visual technique involved the 
use of a 2-degree field equality of 
brightness photometer head operating 
with a field brightness of 25 equiva. 
lent meter candles or more, the 
colour and spectral energy distribu. 
tion being reduced to a minimum by 
means of a filter in front of the 
tungsten filament comparison lamp. 

The integral transmission of the 
colour filters used, which were 
selected by a special technique(*), 
was determined from the measured 
spectral transmission, integrated with 
respect to the spectral energy distri- 
bution of the tungsten filament light 
source, and the spectral sensitivity of 
the average eye as defined by the 
Commission Internationale d’Eclair- 
age. 

The small field of view used, in con- 
junction with the high field bright- 
ness ensured that only. cone vision 
operated when making the judgment 
of equality of brightness, and the 
minimising of the colour difference 
facilitated visual balancing, thus 
limiting the spread of individual 
observers’ settings. Even so, due 
largely to the inevitable residual 
difference in spectral distribution of 
the sources, different observers often 
obtain appreciably different results so 
that when differences of colour and/or 
spectral energy distributions are 
present reliable values of candle 
power or lumens can only be obtained 
from the mean of numbers of 
observers’ measurements on different 
occasions. 

This minimum colour difference 
visual technique has therefore been 
shown to be a reliable, but laborious, 
method of bridging the colour step 
from tungsten filament standard 
lamps, and it is interesting to note 
that it enables photometric results to 
be obtained in accordance with the 
requirements later laid down by the 
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CLE. in 1939, in the resolutions of the 
Committee No. 5 on Visual Photo- 
metry, the first of which is abstracted 
below. 

“The results of all photometric 
measurements should be expressed so 
as to conform with the recommenda- 
tions Nos. 5 and 6 of the Committee 
1b (Definitions and Symbols), adopted 
in the [Xth. Session (1935) on the 
basis defined by the relation. 


B = Km f Ey, V) da 


when B is the Brightness, K,, the 
maximum value of the visibility 
factor, E the energy per unit wave- 


length, V r the factors of relative visi- 


bility as defined by the C.LE., and 
\the wavelength.” 


These visual techniques were 
obviously unsuited for making 
routine commercial photometric 
measurements so that alternative 
photoelectric methods have had to be 
sought, details of which are given in 
the following sections. 


(3) Commercial Photoelectric 
Methods for HPMV Lamps. 


Precision commercial photoelectric 
photometers utilising emission type 
cells were described in 1935(*) 
suitable for measuring the lumens of 
tungsten-filament and high-pressure 
mercury vapour lamps, in which the 
colour step was bridged by using 
photoelectric cells which in conjunc- 
tion with filters provided a spectral 
Tesponse only roughly approximating 
tothe required average eye response. 
Special multi-head positions and load- 
ing arrangements ensured -that the 
high-pressure mercury lamps were 
stabilised for the appropriate time 
before measurement, without seri- 
ously slowing up the rate at which 
Measurements could be made. 

By substitution methods of calibra- 
tion with high-pressure mercury 
teference lamps which had been cali- 
brated in the Standards Laboratory 


by the minimum colour difference 
visual method, referred to in the pre- 
vious section, the correct photometric 
level could be maintained. Alterna- 
tively, a correction could be deter- 
mined and applied to compensate for 
errors in the colour step from 
tungsten-filament standard lamps 
when these were used. 

Since 1943 seleniurn rectifier phoio- 
cells with glass filters giving a rather 
better approximation to average spec- 
tral response and operated in a Camp- 
bell-Freeth compensating circuit have 
been successfully used in commercial 
photometers for measuring H.P.M.V. 
discharge lamps. 

The main difficulty experienced with 
these photometers has been that of 
providing and maintaining the stand- 
ardised discharge lamps, as it has been 
found necessary to recalibrate fre- 
quent:y if serious errors are to be 
avoided, and this involves a very 
heavy programme of restandardisa- 
tions. 

It became clear, therefore, that effort 
should be directed towards the reali- 
sation of a photocell filter combination 
or its equivalent, which would provide 
a spectral response exactly that of the 
C.LE. average eye, so that all calibra- 
tions could be made by reference to 
tungsten-filament iamps. To this end 
the investigations were commenced 
which are dealt with in the next sec- 
tion. 


(4) Practical Realisation of the C.I.E. 
Average Eye—Preliminary Forms 


In 1940 the author and his colleague 
(°) described the results obtained with 
preliminary experimental forms of 
apparatus intended to provide close 
approximations to average eye spectral 
response in order to make the colour 
step from tungsten-filament lamps. 

At that time little success had been 
achieved by the use of colour filters 
with photocells, as the degree of cor- 
rection achieved still left much to be 
desired. 

It was shown, however, that by dis- 
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persing the light from the test source, 
arranging in the spectral image plane 
a suitably shaped mask, and subse- 
quently recombining the light on to 
a photocell, a means was available 
whereby any desired spectral response 
could be accurately realised. By refer- 
ence to a tungsten filament of known 
colour temperature, and _ therefore 
known spectral energy distribution in 
the visible spectrum, this could be 
achieved without a knowledge of the 
spectral sensitivity of the photocell 
used. Moreover, if such apparatus 
were used in conjunction with a photo- 
metric integrator, by this technique 
compensation was automatically made 
for any small selective absorption of 
the integrator paint or diffusing win- 
dow, etc. 


Of the two experimental forms of 
instrument described, the first small 
aperture instrument established the 
soundness of the method but was lim- 
ited in sensitivity by its small aper- 
ture, and in accuracy by the difficulties 
experienced in making and locating 
the mechanically cut metal masks. The 
same instrument was, however, 
equipped with eight additional masks, 
each of which was in effect a slice of 
the average eye mask, so that by oper- 
ating these in turn in the apparatus, 
the colour-rendering properties of a 
light source could be measured in 
terms of the luminosity in eight 
selected spectral or colour bands, but 
the accuracy achieved did not provide 
a useful degree of discrimination. 

The second experimental instrument 
of higher aperture had a large “ aver- 
age eye” mask of adjustable form, 
which facilitated the final small ad- 
justments of spectral response and 
allowed for day to day adjustments 
then thought necessary: because of 
changes in photocell sensitivity which 
were experienced. This instrument 
provided a reasonable sensitivity and 
accuracy of measurement of lumens of 
light sources operated in a 5-ft. dia- 
meter integrating sphere, but was 
bulky and not entirely free from stray 
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light due to scatter in the optical 
system. 
An attempt in 1937 to make a direet 
reading photoelectric tricolorimeter (‘ 
had shown that the essential require. 
ments were three spectral responses 
identical with the x, y, z functions of 
the C.I.E. standard observer, the dis. 
tribution coefficients of which are 
tabulated in the C.I.E. Resolutions on 
colorimetry, 1931. 
It was predicted as the result of the 
experience gained with the dispersion 
and mask method that the same tech. 
nique should provide the means of rea. 
lising the requirements for a photo. 
electric tricolorimeter _ indicating 
directly the tristimulus values on the 
C.IE. system. A reflection tricolori- 
meter operating on this principle was 
later described by Knipe and Reid in 
1943 (7). 
Unfortunately, due to the war, 
further .work by the author in this 
promising field had to be suspended 
between 1940 and 1945 and effort 
diverted to urgent development work 
for the Services, and only compara 
tively recently has it been possible to 
return to this development, _ 
In the meantime the need for means 
of rapidly measuring the lumens, 
colour and colour-rendering proper 
ties of the many new forms of electric 
discharge lamp, particularly the tubu- 
lar fluorescent types, has become 
urgent, and it has been in an effort to 
meet this demand that the new design 
of multi-purpose instrument has been 
developed which is described in the 
next section. 


(5) New Photoelectric C.1.E. Average 
Eye, Colorimeter and Spectral Band 
Apparatus 


(5.1) GENERAL DESCRIPTION OF 
APPARATUS 


The principle of operation of th 
new form of apparatus is the same 
as that of the earlier instruments t 
which reference has been made it 
Section (4), but in view of the pra 
tical limitations already mentioned, 








it wa 
would 
was tc 
perim: 


Ear] 


met ir 
enume 
(1) Re 


(2) A 
(3) At 
fo 
fe} 


(4) Co 
(5) Ee 


lo 


Th 
me 
(6) 
(6) Lu 
5-f 
(7) Int 
(8) Sp 
(9) Co 
5-f 
(10) C 
tra 
(11) C 
lar 
gr: 
It w 
descrip 
variou: 
by app 
The 
photog 
Univer 
contro] 
diamet 
back. 


The 
gramm 
is the 
spheric 
B is 
extern: 
entranc 








SxzF7287°382 


= 
> 


BRR SESS & 


1 in 
vat, 


ded 
fort 
ork 
ara: 
e to 


Pals 
ens, 
per: 
ctric 
ub: 
‘ome 
rt to 


- the 


f the 


its to 
le it 


oned, 





AND OTHER ELECTRIC DISCHARGE 


it was evident that a new design 
would be necessary if the instrument 
was to be suitable for other than ex- 
rimental use. 
(5.1.1) Design Requirements 
Earlier experience indicated that 
the main design requirements to be 
met in the new apparatus were those 
enumerated below:— 

(1) Reduction of stray light to a 
minimum. 

(2) A more compact instrument. 

(3) At least as high sensitivity as be- 
fore, and higher if possible, pre- 
ferably with means of rapidly 
changing sensitivity range. 

(4) Constancy of calibration. 

(5) Easy and rapid means of deter- 
mining shape and making and 
locating masks. 


The apparatus to be suitable for 
measuring in rapid succession; 
(6) to (11). 

(6) Lumens of lamps operating in a 
5-ft. diameter integrator. 

(7)\Integral transmission of filters. 

(8) Spectral transmission of filters. 

(9) Colour of lamps operating in a 
5-ft. diameter integrator. 

(10) Colorimetric properties of light 
transmitted through filters. 

(11) Colour rendering’ properties of 
lamps in 5-ft. diameter  inte- 
grator. 

It will be seen from the following 
description of the apparatus how these 
various requirements have been met 
by appropriate design. 

The apparatus is shown in the 
photograph in Fig. 1 complete with 
Universal Photoelectric Photometer 
control cabinet on the left, and 5-ft. 
oan spherical integrator at the 

ck. 

(5.1.2) Optical System 

The optical system is shown dia- 
grammatically in Fig. 2, where A 


is the diffusing window of the 
spherical photometric integrator, 
is the filter carrier, C the 


external collimator lens, D the curved 
entrance slit, E the 1.6 in. dia- 


LAMPS 





Fig. |. 
Photoelectric Photometer Control Cabinet 
and 5 ft. diameter spherical integrator. 


Apparatus complete with Universal 


meter 2.75 in. focal length entrance 
collimator lens, F the plane face 
aluminised mirror which, together 
with the 3 in. x 2 in. face 60 degs. 
prism G, forms the constant deviation 
assembly. The curved entrance slit 
has a curvature such that the spectral 
lines in the centre of the image plane 
are straight, so:that only very slight 
curvature occurs at either end of the 
spectrum. To the right of the 60 degs. 
prism is the following collimator lens 
H, of 7.5 in. focal length, which forms 
a x 2.7 approx. magnified spectral 
image in the plane J, either side of 
which are the field lenses K and L, 
forming an image of lens H in the 
plane of the collimator lens M of the 
recombining system. The light passes 
through the second prism N, mirror O 
and lens P to form an image of the 
entrance slit in the curved exit slit 
Q and finally through this slit on to 
the cathode of the photocell R, con- 
tained in the photometer unit com- 
prising, photocell, grid leaks with 
three range-changing magnetically 
operated switches, and electrometer 
triode. 

Stray light scattered by lens and 
prism faces, or which from any cause 
does not conform to the ray paths 
indicated in Fig. 2, will appear incor- 
rectly positioned in the spectral image 
plane and will not form an image 
of the entrance slit in the exit slit, 
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but will fall either side of the exit 
slit, being thus prevented from pass- 
ing through on to the photocell 
cathode. This arrangement ensures 
that stray light in the system is re- 
duced to a minimum, so meeting 
design requirement (1). 

Provision is made for two forms of 
carrier, both sensibly in the spectral 
image plane J. The first is a travers- 
ing exploring slit (S) on kinematic 
mountings, traversed horizontally by 
a 25-mm. micrometer, the height of the 
slit being determined by the position 
of the vertical shutter T, driven 
downwards by a second similar 
micrometer. 


The. second form of 
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through the plane J. This lamp is 
used to facilitate the preparation of 
“locating masks,” to which reference 
will be made in Section (5.4). 

The geometric form in which the 
optical components are mounted will 
be appreciated by reference to the 
photographs in Figs. 3 and 4, where 
the covers have been removed to 
show the layout of the components, 
It should be noted here that at the 
time this instrument was made, due 
to priority of other work, no design 
office or main workshop facilities 
were available, and the apparatus 
was therefore made up in a local 
workshop from rough sketches. Every 





Fig. 2. Diagrammatic representation of optical system. 


carrier (V) contains a shaped aper- 
ture or mask, which locates on 
kinematic mountings in a plane very 
close to that of the traversing slit, 
the separation only being of the order 
of 0.010 in., so that for practical pur- 
poses both may be assumed to be in 
the spectral image plane. This mask 
or any other similar locating mount- 
ing can be inserted together with the 
traversing slit or not as required. 

In a housing arranged to one side 
of the first exit collimator tube is a 
small miner’s type lamp (W), chosen 
for its compact form of filament, so 
that when a mirror (X) is put in posi- 
tion at 45 deg. to the main axis of 
the collimator tube, the white light 
from the lamp through the lens K is 
sensibly parallel when passing 





endeavour was made to keep the con- 
struction simple and to obtain pre- 
cision location of components by 
clamping and the use of simple kine- 
matic mountings, without recourse 
to accurate machining or fitting, 
hence the comparative roughness of 
finish. If this had not been done the 
construction of this apparatus would 
have been delayed another 18 months. 

The Universal Photoelectric Photo- 
meter control cabinet and 5-ft. spheri- 
cal photometric integrator were 
standard laboratory equipment which 
were pressed into service together 
with the local workshop edition of 
the optical system. 

An engineered design, just com- 
pleted, incorporating further im- 


provements found to be desirable as 
— 112 — 
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Figs. 3 and 4. The apparatus with covers removed to show the layout of the optical 
components. 


the result of a year’s experience with 
the instrument here described, is, 
however, in course of construction, 
and it is hoped that this precision 
form of instrument will become avail- 
able in the course of the next few 
months.* 


In Figs. 1 and 3 the vertical ex- 
ploring slit carriage can be seen in 
position in the centre of the appara- 
tus, with the vertical micrometer for 
controlling the height of the slit pro- 
jecting upwards. The _ horizontal 
micrometer for traversing the verti- 
cal slit can also be seen projecting 
from the front of the apparatus. 


In Fig. 4 the vertical slit carriage 
has been removed, so that one of the 
mask carriers can be seen located in 
the position which ensures that the 
mask is sensibly in the spectral 
image plane. As indicated earlier, the 
vertical slit carriage can, if desired, 
be positioned on its mountings while 
the mask carrier is still in place, 
thereby enabling any finished mask 
to be explored by the vertical slit, 
which is kept at its maximum verti- 
cal opening for this purpose. 

The one-foot scale in Fig. 4 indicates 
the compact form of the instrument 
and the extent to which the design 
requirement (2) has been met. 





*Note.—This new instrument is now 
finished and was shown at the LES. 
Convention Exhibition May 14 to 20, 
1946. 


(5.1.3) Photoelectric Measuring System 

The well-established photoelectric 
D.C. valve bridge amplifier incorpor- 
ating Photocell Photometer Unit and 
Universal Photometer control cabinet 
was used in this work, the circuit in 
essence being that of Fig. 5. It is not 
proposed to give any further details 
of the convential part of the equip- 
ment as it has been described fully 
elsewhere.(*°) It may, however, be 
worth recalling that earlier work has 
shown that the response of the 
KMV6 type thin film potassium photo- 
cells used in this work is linear with 
light over a ten-to-one ratio to a few 
parts in ten thousand. Also, that the 
sensitivity, which is dependent on the 
value of grid leak. used, with the 
highest value found practicable, 
namely 100,000 megohms, provides a 
limiting sensitivity of the order of 
10-*° lumen. 

It will also be recalled that the 
method of operating this class of 
measuring circuit is to balance the 
bridge by means of the bridge-arm 
potentiometers, with no light on the 
photocell and the potentiometer at 
zero. The light to be measured is 
then allowed to fall on the photocell, 
causing the bridge to go out of 
balance. Balance is restored by suit- 
able adjustment of the grid potentio- 
meter, the indications of which are 
directly and accurately proportional 
to the photoelectric current and there- 
fore the light. 

The only novel feature in this par- 
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PHOTOMETER UNIT 











a 


Fig. 5. Circuit of battery operated D.C. valve bridge amplifier incorporating 
photometer unit with magnetically operated range changing switches. 


ticular photoelectric system is that it 
incorporates a special form of photo- 
meter unit shown in Fig. 6, which has 
recently been developed, and in 
which are three magnetically oper- 
ated switches. These are so arranged, 
that as indicated in the circuit in 
Fig. 5, any one of three grid leak 
values can be inserted in the grid 
circuit by bringing into the appro- 
priate position a small permanent 
magnet mounted on a collar on the 
outside of the brass screening tube 
enclosing the photometer unit. This 
assembly is inside the temperature 
controlled vertical box seen in the 
extreme right in Figs. 1, 3, and 4. 
With all the switches open a free grid 
condition exists, which enables a grid- 
charging technique to be used if re- 
quired, but experience with this 
technique so far has not shown that 
any really useful increase in sensi- 
tivity can be achieved by this means 


Fig. 6. Special form of 
photometer unit incor- 
porating magnetically op - 
erated range changing 
switches. 
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in excess of that possible when using 
a grid-leak of 100,000 megohms. As 
the grid-charging technique is much 
slower, it has not therefore been used 
in this work. 

The advantage of the multi-range 
photometer unit is that the highest 
sensitivity can be used in the ex- 
ploratory measurements with the 
vertical slit, where it is needed be- 
cause of the small amounts of light 
available, whereas when the masks 
have been made and lumen or colour 
measurements are being carried out 
on large lamps, the sensitivity can be 
reduced, so keeping the measured 
values within the voltage range of the 
calibrated grid-bias potentiometer, 
the indications of which are directly 
proportional to light (design require- 
ment (3)). 

During preliminary measurements 
with this photoelectric set-up un 
expected but definite changes in 
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spectral response of the photocell 
were noticed, rather similar to effects 
recorded with the earlier apparatus 
described in 1940, and at first these 
changes were thought to be fortuitous. 
This was rather disturbing as the 
KMV6 photoelectric cells of current 
manufacture were thought to be free 
from any such variations. Further 
investigations proved that’ the 
spectral sensitivity of the apparatus 
was temperature dependent, thought 
to be due to the photocell. 


It was, therefore, decided to put 
a constant-temperature enclosure 
round the tube containing the photo- 
cell photometer unit. This, as indi- 
cated earlier, will be seen on the 
extreme right of the photographs in 
Figs. 1, 3, and 4. This rectangular 
section box, made of asbestos sheet, 
is only of crude form, as it had been 
added as an afterthought. Pressure 
air was led in at the bottom through 
ametal box enclosing a 100-W tung- 
sten filament lamp used as a heater, 
and the air passed vertically upwards 
through the asbestos box and out at 
the top. 


A close regulating mercury type 
thermostat was arranged with its 
bulb in an oil filled cup in a block of 
brass soldered to the tube containing 
the photometer unit at the nearest 
point to the centre of the photocell 
cathode. This thermostat was 
arranged to close the heater-lamp 
circuit through appropriate relays 
when the temperature fell below 
the controlling temperature, which 
for convenience was adjusted to 
be in the region of 30 deg. C., so 
that when the heater lamp was 
switched off by the thermostat the 
pressure air cooled the enclosure. 
By this means the temperature was 
controlled to within about plus or 
minus 0.5 deg. C., which resulted in 
an improved stability of spectral 
Tesponse of the apparatus. 

The measuring circuit and tem- 
perature-control arrangements _re- 
ferred to above indicate the extent to 


which requirements (3) and (4) have 
been met. 

As it was desired to achieve the 
highest possible stability not only in 
spectral response but in photometric 
sensitivity and calibration, it seemed 
worth while attempting to keep the 
photocell fatigued at approximately 
the average working level because it 
was known from independent tests of 
photocell characteristics that the rate 
of fatigue is greater than the rate of 
recovery. This technique proved to 
be a great help in maintaining a con- 
siderably better degree of constancy 
of calibration than would otherwise 
have been possible, and therefore 
throughout this work a small lamp 
was switched on in the _ sphere 
between photometric measurements 
(design requirements (4)). 


(5.1.4) Photometric Integrator 

As will be seen from Fig. 1 a con- 
vential form of spherical photometric 
integrator, 5 ft. diameter, is em- 
ployed; having a slicing type of shut- 
ter for covering the diffusing window 
which illuminates the external en- 
trance collimating lens of the optical 
system. This shutter is closed when 
the zero of the photoelectric measur- 
ing bridge circuit is required to be 
checked or adjusted. 

Access to the inside of the sphere 
is through a door formed by a hinged 
quarter of the sphere. This cannot 
be seen in Fig. 1 as the opening is on 
the side of the sphere remote from 
the window, but the vertical hinge is 
towards the left of the picture just 
behind the centre of the universal 
control cabinet. 

The sphere’ has _ lampholder 
arrangements for accommodating all 
forms of tungsten filament and dis- 
charge lamps. including tubular 
fluorescent lamps, and the appropri- 
ate circuit and meter arrangements 
are on a table not shown. 


(5.2) DISPERSION SYSTEM AND 
CALIBRATION 
The first step in calibrating the 
apparatus is to deternfine the disper- 
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Fig. 7. Dispersion. curve of apparatus 
showing change of wavelength band trans- 
mitted by éxploring slit. 


sion of the system. For this purpose 
a 400-watt cadmium mercury or other 
suitable lamp is operated in the in- 
tegrator, and the prisms and mirrors 
and focus of the collimator lenses 
adjusted so that the spectral image is 
formed in the correct position with 
respect to the horizontal micrometer 
movement when the prism is in the 
minimum deviation setting. The 
second dispersion system is appropri- 
ately adjusted so that the image of 
the entrance slit is formed within the 
exit slit. 

The 0.0l-inch width exploring slit 
in its carriage is then positioned with 
the vertical slit open to its maximum 
height and then traversed in turn to 
the spectral lines. The horizontal 
micrometer is traversed slowly, and 


by trial the position found which 
gives the highest photoelectric ‘re 
sponse. The horizontal. micrometer 
is then read. This procedure is re 
peated at each spectral line so that.a 
set of results are obtained as ip 
Table I., which indicates typical sets 
of. ealibrations and the order of 
repetition accuracy achieved with 
time, no intentional adjustment hay. 
ing been made to the optical set-up 
throughout these observations. 

When the horizontal micrometer 
reading is plotted against the known 
wavelength of the mercury and cad. 
mium lines, a dispersion curve of the 
form shown in Fig. 7 is obtained. On 
this curve is indicated the change in 
the wavelength band embraced by a 
constant width of slit at each end of 
the spectrum. For convenience of 
ifustration, the slit width is indicated 
as 1 mm. wide, which is four times 
that of the actual slit used. 


(5.3) Mask SHAPE 

Having determined the dispersion 
of the system, the next step is to de 
termine the shape of the mask, which 
when operated in the spectral-image 
plane will provide an overall spectral 
sensitivity the same as that of the 
C.LE. Average Eye (i.e. the y func 
tion). 

Fortunately, the spectral energy 
and luminosity distribution of a tung 
sten-filament lamp in the visible spec- 


Table I. 


Typical Dispersion Calibration Readings 






































Mercury and | Micrometer Readings 
Codmam ines | ———_——,——_____ —)_ a | oM ee 
Wavelength | 
Be 28.11.44 1.12.44 12.12.44 24.1.45 24.4.45 
(1) (2) (3) @ | © | ©) (7) 
0.4047 24.88 24.87 24.88 24.88 24.87 24.87, 
0.4358 18.65 18.66 18.66 18.66 18.64 18.65, 
} 0.4678 14.13 14.15 14.15 14.14 14.14 14,14 
0.4800 12.75 12.76 12.75 12.75 12.76 12.75, 
0.5086 10.02 10.03 10.03 10.03 10.04 10.03 
0.5461 7.27 7.29 7.29 7.28 7.25 1.21, 
0.5780 5.44 5.45 5.45 5.44 5.41 5.43, 
0.6438 2.62 2.64 2.63 2.62 2.59 2.62 
0.6907 - 1.13 1.15 1.16 1.18 1.14 | 1,15, 
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trum is practically identical with that 
of a black body at the same colour 
temperature, and these data are tabu- 
lated by Skogland (*) for a range of 
colour temperatures. 

Bearing in mind that the exploring 
slit is of constant width and therefore 
embraces a different wavelength in- 
terval at each horizontal position, it 
is comparatively simple to calculate 
for the light from a tungsten lamp 
operating at a known colour tempera- 
ture what would be the relative re- 
sponse of the C.LE. Average Eye to 


sponse entered in column 5 at each of 
these wavelength settings is then de- 
rived by dividing column 2 by 
column 3. 

The exploring slit is now set at the 
wavelength at which the luminosity L 


of the radiation transmitted by the 
slit is a maximum, and S) the photo- 


meter reading proportional to the 
photoelectric current, observed. It 
will be obvious that if the overall 
spectral response of the apparatus ‘is 
to be that of the C.I.E, average eye, 


Table II. 


Typical form of tabulation for Mask Design Settings. 























Differential Col. (4) as 
Luminosity | or Slope of percentage | Dispersion | Vertical 
Relative to | Dispersion | Pe showing in terms | Micrometer 
Wavelength | Maximum Curve Cols. (2) desired of hori- Reading | 
A for Tung- dD (3) relative zontal to satisfy | 
sten at —_— photometric] micrometer| Col. (5) | 
2960°K dy | readings setting 
ol. (1) (2) (3) | (4) (5) (6) (7) 
0.40 0.000057 2.458 | 0.0000232 0.00147 26.3 0.36 
0.41 0.000202 2.20 | 0.0000918 0.00582 23.79 0.50 | 
0.42 0.00079 2.012 | 0.000393 0.0249 21.72 0.64 | 
Bey | 
. . . | . . . | 
0.57 0.8480 0.552 | 1.535 97.3 5.71 15.80 
0.58 0.8225 0.522 | 1.577 100.0 5.17 17.70 
| 0.59 0.7570 0.492 | 1.538 97.5 4.66 19.0 
, : : ; : 
| on 0.00163 0.212 | 0.00768 0.487 0.31 1.50 | 
| 0.73 0.000834 0.200 0.00417 0.264 0.10 135 | 
| 0.74 0.000511 0.188 | 0.00272 0.172 —0.10 — | 




















the radiation transmitted by the slit 
at each wavelength setting, this being 
the response which the apparatus is 
required to have when it is used for 
Measuring lumens. 

The technique of satisfying this re- 
quirement is first to tabulate as in 
Table II, col. 2, the relative luminosity 
values from the Skogland.tables for a 
number of wavelength intervals, say 
every 0.05, and in the next column 
3 the differential or slope of the dis- 
persion curve which is proportional to 
the wavelength interval embraced by 
the slit. The required relative re- 
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then the ratio 8) Ly must be constant 


at all wavelengths. This is achieved 
by adjusting the vertical micrometer 
controlling the height of the exploring 
slit until this condition is satisfied at 
convenient intervals of 0.05, or less 
throughout the visible spectrum. The 
ratio 8) L, maximum is used through- 


out these settings as a reference point 
to check the constancy of the calibra- 
tion, so that if there is a change in 
overall sensitivity appropriate allow- 
ance can be made. 


The readings in millimeters. so 








obtained from the vertical and hori- 
zontal micrometers provide data for 
producing a mask of the correct con- 
tour, and the next problem is to make 
a satisfactory mask. 


(5.4) PREPARATION OF Masks 


The experiments of the author and 
his colleagues prior to 1940 had led 
to the conclusion at that time that 
photographic techniques were in 
general unsatisfactory, and it was for 
this reason that at that time the large, 
adjustable leaf, metal mask had been 
developed. The photographic techni- 
que had, however, obvious attractions, 
and it was therefore decided to carry 
out further experiments in order to 
find whether with the more recent de- 
velopments in photographic techni- 
ques such methods could be used. 
Preliminary experiments with high 
resolution photographic plates indi- 
cated that a satisfactory contrast and 
resolution could easily be achieved, 
but it also confirmed that the clear 
areas of the mask were not of uniform 
transmission when in position in the 
spectral image plane of the apparatus, 
presumably partly due to non-uni- 
formity of emulsion thickness, and 
partly to variations in diffusing pro- 
perties, which in the sensibly parallel 
light beam effectively caused large 
variations in transmission over the 
clear areas, amounting effectively to 
as much as 50 per cent. in some cases. 


It was therefore evident that only 
a method in which the emulsion was 
removed from the clear areas would 
be likely to be satisfactory, and even 
so it must be a technique that could 
be carried out on site, otherwise the 
simple mask registering technique 
which it was hoped to use and which is 
described in Section (5.4) would not 
have been practicable. 


Some measure of success was 
achieved by recourse to a reversal and 
tanning process in which the clear 
and soft gelatine was dissolved out in 
warm water, but difficulty was ex- 
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perienced in clearing the corners of 
the masks. 

Messrs. Kodaks were __ then 
approached in this connection, and 
they suggested that their etch bleach 
process should be suitable. This has 


certainly proved to be the case, and, ‘ 


moreover, it is an extremely quick 
and simple process. It is, therefore, 
with the greatest of pleasure that the 
author acknowledges the help of Mr. 
E. R. Davies, director of the Kodak 
Research Laboratories, and Mr, 
Gresham for their valuable help in 
this connection. 

By this technique, using Kodak 
maximum resolution plates, a dimen- 
sional accuracy in excess of require- 
ments was obtained, and all gelatine 
effectively removed from the clear 
areas and an accurate mask of very 
high density obtained on clear glass. 

The method of preparing the mask 
from the readings of the two micro- 
meters and the problem of location 
was dealt with in the following 
manner. 

The readings in millimeters of the 
vertical and horizontal micrometers 
were plotted to x25.4 scale by using 
a large sheet of squared paper ruled 
in inches and tenths of an inch. A 
continuous curve was then drawn 
through the points, and in addition 
vertical lines drawn up from the base 
at intervals to be used for registra- 
tion purposes. For the visibility 
mask it was convenient to put the 
vertical lines at the wavelength 
limits of the spectral bands referred 
to later. The squared paper was 
then pinned down over a sheet of 
ticket card, and the enlarged mask 
contour transferred by pricking 
through a large number of points. 
The vertical registration lines were 
also pricked through. Afterwards. 
with a pairof scissors, the ticket card 
was cut out accurately to the re 
quired contour, thus making a x254 
enlarged white cut-out of the form 
shown in Fig. 8a of the part of the 
mask which finally was to be cleat 
glass. This cut-out was then 
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Fig. 8a. C.I.E. Average Eye mask shape 
with vertical registering lines at spectral 
band intervals. 


mounted on a black velvet covered 
copy board in readiness for the photo- 
graphic reduction process. 

In order to achieve accurate 
registration of the final mask in the 
spectral image plane, a slow gaslight 
plate was cemented into a carrier 
similar to that in which the final 
mask would be mounted, and this 
gaslight plate put into the apparatus 
and registered on the kinematic 
mountings provided. The 45 degs. 


mirror X (Fig. 2), referred to 
earlier, was then put into position so 
that the small lamp W, when 


switched on, would produce sensibly 
parallel light through the exploring 
split when in position in front of the 
tegistering plate. By reference to 











Fig. 8b. C.1.E. Average Eye mask shape 
ing location of image of registering 
mask with vertical lines. 


the position of the vertical register- 
ing lines in the x25.4 enlarged plot 
the exploring slit was then set by the 
horizontal micrometer, so that, allow- 
ing for half the width of the slit, one 
edge of it would register with the first 
vertical line drawn for this purpose 
on the ticket card cut-out, as indi- 
cated in Fig. 8b. The height of the 
vertical slit was adjusted by the 
vertical micrometer to correspond 
with the point where this vertical 
line intersects the contour of the 
ticket card cut-out. With the explor- 
ing slit in this position the miner’s 
type lamp was switched on for 
15 secs. at 3.0 volts, so exposing the 
registering plate immediately behind 
the slit. This procedure was re- 
peated for each of the registering 
lines, after which, whilst still in its 





' 


Fig.9. Showing a finished registering mask 
on the extreme left. 


registering carrier, the plate was 
developed. A finished registering 
mask is shown at the extreme left in 
Fig. 9. 

This registering mask’ was then set- 
up in a projector in a dark room and 
located by kinematic mountings of 
the same form as in the dispersion 
apparatus, so that'a x25.4 image of it 
could be projected on to a copy 
board on which was mounted the 
ticket card cut-out of the average eye 
mask shape on its black velvet back- 
ground as shown in Fig. 10. This cut- 
out was then positioned so that the 
registering lines located exactly on 
the marked positions on the cut-out, 
which was then clamped. 

The lamp of the projector was then 
switched out and the registering 


— 119 — 





XUM 








mask removed from the projector 
and a carrier containing an unex- 
posed maximum resolution plate, 
cemented in a registering carrier 
similar to that containing the 
registering mask, located in its place. 
The white cut-out of the average eye 
mask was then illuminated to an 
appropriate level and the plate in the 
carrier exposed to the minified image 
of the cut-out produced on it by the 
projection lens, and automatically 
registered in the correct position. 
This maximum resolution plate was 
then processed by the etch bleach 
technique, already referred to, which 
produces a reversed image so that a 
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With the exploring slit removed, 
leaving only the average eye mask in 
the spectral image plane, it follows 
that the instrument should now be 
capable of measuring the lumens of 
light sources of any spectral energy 
distribution or colour by reference to 
tungsten filament standard lamps 
(design requirement (6)). Also, it 
should be possible to measure the 
integral transmission of filters 
directly by operating any desired 
source in the photometric inte 
grator and making a measurement 
first without the filter and sub 
sequently with the filter in the 
carrier B between the _ integrator 
window and the external collimator 





lens, Fig. 2 (design requirement 
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Fig. 10. Arrangement of apparatus for registering and making masks. 
‘ 


positive of the white cut-out is pro- 
duced with all the emulsion removed 
from the clear area, as shown in 
Fig. 9. 

When the mask was registered in 
the kinematic mountings in the spec- 
tral image plane of the dispersion 
system of the apparatus and check 
measurements made with the explor- 
ing slit set to maximum height so 
that the effective height would be 
determined by the mask itself, 
measurements confirmed that the 
mask was of the required design 
shape and correctly located (design 
requirement (5)). 


(7)). The ratio of these readings 
should be the integral transmission of 
the filter to the light source in ques- 
tion. If a tungsten-filament lamp is 
operated in the integrator at a known 
colour temperature, measurements 
of filter transmission by this tech- 
nique can be used as a cross check of 
the performance of the apparatus, as 
the results obtained can be compared 
with the integral transmission cal- 
culated from the spectral trans 
mission measured by independent 
‘means. 

With no mask in the apparatus and 
a tungsten filament lamp in the 
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sphere, the spectral transmission of 
filters can be measured by taking 
photometric readings with and with- 
out the filter at various wavelength 
settings (design requirement (8)). 


Using the same general techniques, 
masks have been made to give the 
spectral response corresponding to 
the x and z distribution coefficients, 
so that, together with the ¥ mask 
already referred to, which is used for 
lumen measurements, the three 
values obtained with these three 
masks located in succession in the 
spectral image plane are directly 
proportional to the C.LE. tri-stimulus 
values of the light source operated 
in the photometric integrator, or of 
the light transmitted from the source 
through any filter put into the carrier 
in front of the diffusing window 
(designs requirements (9) and (10)). 
These three masks are shown to the 
right of the registering mask in 
Fig. 9. 

In a similar manner a_ further 
eight masks were made up, see Fig. 
ll, these being in effect vertical 
slices of the average eye mask, so 
that when put in turn into the 
apparatus, the luminosity of the light 
fom a lamp could be measured 


Fig. 11. Masks which in effect are vertical 
slices of the Average Eye mask acting as 
sharp narrow band colour filters. 


in eight spectral bands, these 
masks acting as sharp cut narrow 
band colour filters (design  re- 
quirement (11)). In order to in- 
crease the accuracy of measure- 
ment of the luminosity in the end 
bands, in which, by virtue of the 
shape of the average eye mask, there 
is little energy or luminosity to 
measure, the height of the masks 
was increased appropriately so as to 
give magnification factors as indicated 
in Table III, in which the wavelength 
intervals are also included. 

These wavelength limits of the 











Table Ill. 

Band | z Mask enlarge- | 
No | Wavelength ment factor 

1 | 0.40 to 0.42 x 100 

2 0.42 0.44 x 40 

3 | 0.44 0.46 x 20 

4 | 046 0.51 x 1 

5 0.51 0.56 “% 3 

6 0.56 0.61 oO" 

7 0.61 0.66 ow 

8 | 0.66 0.72 2 











eight bands, as pointed out in the 
earlier publication, were standardised 
by lamp makers in this country and 
in Holland before the war. 

The accuracy obtained with the 
new photoelectric average’ eye, 
colorimeter, and _ spectral band 
apparatus just described, will be 
dealt with in the next section of the 
paper, and because of the important 
bearing of the characteristics of 
electric discharge lamps on photo- 
metric measurements these will be 
dealt with in section 7. 


(5.5) ReESuLTsS AND DISCUSSION 


The accuracy achieved with this 
multi-purpose apparatus is indicated 
by a few typical results which are 
quoted, although these are somewhat 
incomplete. 

Unfortunately, a considerable 
amount of trouble was experienced 
with the temperature controlling 
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system in the earlier stages, so that 
on two occasions the photocell en- 
closure was accidentally raised to a 
high temperature which permanently 
damaged the photocell. After each 
of these accidents it became necessary 
to fit a new cell and make a new set 
of masks to match. This trouble has 
now been cleared, but due to this 
delay and the demand for routine 
measurements of colour and 
luminosity in spectral bands on tubu- 
lar fluorescent lamps, there has not 
been time to make a comprehensive 
comparison on all types of lamps, of 
lumen measurements made on this 
apparatus with values determined by 
minimum colour difference visual 
multi-observer techniques, and it is 
probable that this will not be possible 
until the new design of instrument 
now in hand (see Section 5.1.2) is 
completed. 


(5.5.1) Lumen Measurements 


The only lumen comparisons which 
have been made in this manner have 
been on a few high-pressure mer- 
cury lamps and tubular fluorescent 
lamps, both of which have shown 
agreement with the results obtained 
by the multi-observer measurements 
within about plus or minus 3 per 
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cent., which is within the accuracy to 
which such visual measurements can 
be made. 


(5.5.2) Integral Transmission of 
Filters 


An independent indication of the 
closeness of the spectral response to 
that of the C.I.E. Average Eye can be 
obtained from integral transmission 
measurements on filters interposed 
between the sphere window and the 


external collimating lens, with a 
tungsten lamp operating in the 
sphere at a known colour 
temperature. 

Typical results obtained in this 


manner are detailed in Table IV, 
from which it will be seen that the 
measured values are in agreement 
with the integral transmissions, cal- 
culated from spectral transmission 
measurements made on a different 
apparatus, to within the accuracy to 
which the calculated results were 
known. 


(5.5.3) Trichromatic Coefficients 


By measuring these filters not only 
with the y or visibility mask, but 
also in turn with the x and z masks 


Table IV. 
Dispersion and Mask Apparatus. 
Typical Measurement of integral transmission of filters for light from a tungsten 
filament lamp operating at 2720°K. 

















| Calculated 
Colour temp. Filter Colour of | Type and Integral Measured % Diff. 
of source No. Filter No. % % Cols. 6 
Trans. Trans. from 5 
sat Seen ee --| SR SE 
(1) (2) 3) | 4) Ree Sie 
2720°K | R262P35| Red | Wratten 24.9 25.2 | +12 
25 
o R262R35 Yellow Wratten 63.0 63.7 | +. 
86 
» R104E40 Yellow Wratten 79.4 80.7 +1.6 
86B 
| » R111D39 Green Ilford 1.80 1.785 | —08 
| 
= | R103D40 Blue Wratten 39.5 39.5 | 0.0 
78B 
| ” R132B39 Blue Wratten 10.03 10.0 | —0.3 
78 
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the results in Table V were obtained. 
Here again comparison can be made 
with the calculated trichromatic co- 
efficierits of the light transmitted by 
the filter, and it will be seen that the 
agreement is in general of the same 
order as would be obtained by one 
observer on a visual colorimeter. 
This is probably a more reliable 
method of determining the accuracy 
to which colorimetric measurements 
are made than by reference to the 
colour determinations on light 
sources operated in the integrator, as 


absolute accuracy of the measure- 
ments. As indicated earlier (5), the 
author has been privileged to co- 
operate regularly during the past 
eight years with Messrs. British 
Thomson Houston and _ Siemens 
Laboratories, and inter-comparisons 
with them on measurements of 
luminosity in eight spectral bands 
have shown a measure of agreement 
considerably better than that 
obtained with the early experimental 
form of apparatus in use in 1940. It 
is now possible to make quantitative 


Table V. 
Comparison Trichromatic Coefficients determined in Dispersion and Mask Apparatus 
with Calculated Values. 


















































| : Colour | Trichromatic Coefficients of 
| Colour temp Filter of Type and No. Transmitted Light | 
of source No. Filter xX eg Z | 
 Q) (2) (3) 4 | 6 | @- | «@ 
\——--— -- ce | 6 eee | gee | 8 ee — - 
} Measured | 
i co {ae 
2850°K R104E40 Yellow Wratten 86B 0.495 0.421 0.0853 
2 R103E40 Blue i 78B 0.433 0.408 0.158; 
# R103D40 = >» te 0.396 0.392 0.213 
; R262A35 Red pe 24 0.683 | 0.318 0.000 
a ay y eae Calculated from Spectral Trans. 
e R104E40 | Yellow » 86B] 0485 | 0.421 0.096 
“4 R103E40 | Blue ” 93B| 0.433 | 0.403 | 0.164 
, R103D40 »  %C|] 0.410 0.398 | 0.192 
5 R262A35 | Red so 0.674 0.325 | 0.0001 
ety eg tl Diffs. measured from Calculated 
n R104E40 Yellow is 86B | + 0.010 0.000 0.010, 
- R103E40 Blue en 78B 0.000 +0.005 —0.005; 
y R103D40 * »  78C | —0.014 —0.006 +0.021 
ma | R262A35 | Red » 26 | +0000 —0.007 —0.0001 
in the latter case it is difficult to measurements of colour rendering 
determine by independent means the properties by this means to an 


true average colorimetric values of 
the light sources. 


(5.5.4) Luminosity in Spectral Bands 


A large number of tubular fluor- 
escent lamps have been measured for 
colour rendering properties by means 
of the eight spectral band masks, but 
it is not easy to cross check the 


accuracy which compares favourably 
with purely qualitative visual com- 
parison methods using a viewer in 
which a number of strips of coloured 
material are illuminated by two 
lamps to be compared and viewed 
simultaneously, judgment being made 
of the equality or form of departure 
from equality of colour rendering of 
the two light sources. 
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(6) New Attempts to Achieve Average 
Eye Response by Cell-Filter Com- 
bination 


(6.1) Matcuinc or Liquip FILTER AND 
PHOTOCELL 


As already indicated, the dispersion 
and mask method is considered the 
ultimate solution to the heterochro- 
matic photometric problems which 
arise when making the step from 
tungsten filament standard lamps to 
light sources of other colours and 
spectral distributions, particularly in 
view of its multi-purpose application. 
It is, however, of necessity, a long 
term project to ‘build the required 
number of instruments of engineered 
design. 


The urgent need for photoelectric 
photometers having closely C.LE. 
average eye spectral sensitivity, 
accurate linearity of response over a 
large range, and high limiting sensi- 
tivity, has stimulated effort towards 


Revatve Seneriviry 
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an alternative partial solution of this 
problem. 

To this end, and in parallel with 
recent development work on the dis. 
persion and mask method, attempts 
have again been made to explore the 
possibilities of filters used in conjunc 
tion with photocells. 

Preston and McDermott (9) de 
scribed in 1934 a method of preparing 
liquid filters for use with KMV6 thin 
film potassium type emission photo 
cells, and more recently Preston has 
improved the technique for quickly 
determining the proportions of the 
three constituents of the combined 
solution to provide suitable trans 
mission characteristics such that with 
a given cell of measured spectral re 
sponse, he claims to be able to achieve 
closely average eye sensitivity. 

Having in the last three years de 
veloped for general purposes a con- 
venient method of measuring the 
spectral response of photoelectric 
cells, which, by reference to measure- 
ments made by the N.P.L., has been 
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Fig. 12. Typical spectral response of KMV 6 photocell matched with Preston 
type liquid filter compared with C.I.E. Average Eye response. 
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shown to be accurate to within about 
plus or minus 2 per cent., it was felt 
worth while experimenting with the 
Preston technique in an attempt to 
match liquid filters with photocells to 
provide average eye response. 

Considerable experience has been 
gained with this technique and a 
number of KMV6 emission type thin 
film potassium photocells measured 
for spectral response. Each of these 
photocells has been matched with a 
liquid filter incorporating the opti- 
mum proportions of cupric chloride, 
cobalt ammonium sulphate and potas- 
sium dichromate and contained in a 
glass filter box of 1 cm. optical thick- 
ness. It has been found that suitable 
filters cannot be made for all photo- 
cells of this type if a reasonably 
accurate average eye response is re- 
quired, but a useful proportion can be 
matched up in this manner. 

Varying degrees of approximation 
to the C.LE. average eye response 
have been achieved by this means, one 
good example being indicated in the 
curve in Fig. 12. As will be seen, 
appreciable departures occur at the 
ends of the visible spectrum, but in a 
number of applications this does not 
introduce serious errors. 

Care must be taken, however, to 
ensure that only sensibly parallel light 
is incident on the filter and photocell, 
the cathode of which should be uni- 
formly illuminated. This is neces- 
sary as the sensitivity of the photocell 
may vary over the cathode area and 
for this reason the spectral sensitivity 
is determined for a_ uniformly 
illuminated cathode. Also, the spec- 
tral transmission of the liquid filter is 
adjusted for parallel light, and of 
course, the true integral transmission 
of the filters measured is determined 
for parallel light. 


(6.2) APPLICATION TO MEASUREMENT OF 
LuMENS OF DISCHARGE LAMPS 
One useful application of this class 


of liquid filter and photocell combina- 
tion has been in a semi-commercial 


, photometer for measuring lumens of 


the various classes of electric dis- 
charge lamp, including tubular fluore- 
scent types. 

In this application the liquid filter 
is contained in a 2.5 in. square box 
type glass cell having an optical thick- 
ness of 1 cm. and of the form shown 
in Fig. 13. The flat sides of this cell 
are cemented on with paraffin wax so 
that the box is easily‘demountable for 
cleaning purposes. 





} 
‘ 


t 


Fig. 13. Form of liquid filter contained in 
a glass filter box. 


An equipment incorporating such a 
liquid filter is shown in Fig. 14. On 
the left is a portion of the side of a 
5 ft. diameter spherical photometric 
integrator, attached to which is a 
standard design of tubular metal 
housing enclosing and screening the 
photometer unit which comprises a 
KMV6 photocell, 10,000-megohm grid- 
leak and electrometer triode in one 
evacuated glass tubular bulb, as 
described earlier (*)*). On the photo- 
metric unit housing opposite the 
photocell cathode is an aperture 
covered by the liquid filter which is 
in a carrier attached to the tube. Be. 
tween this filter and the sphere 
window is a square section light-tight 
cover. The photometer unit is con- 
nected by a screened five-way lead to 
the control cabinet forming the front 
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half of the double cabinet on the right . 


in the photograph. 

The front cabinet contains the re- 
mainder of the components of the 
D.C. valve bridge amplifier, the cir- 
cuit of which is shown in simplified 
form in Fig. 15, and it will be seen 
that this is a modfied form of that 





4 


Fig. 14. Mains operated universal photo- 

electric photometer equipment incorporating 

liquid filter. The control cabinet is the front 
half of the double cabinet on the right. 


used with the early battery-operated 
amplifier. The back cabinet contains 
a mains unit and precision voltage 
regulator, which provides the sup- 
plies for the bridge amplifier, regu- 
lated in voltage over short periods to 
a few parts in 100,000 and for ex- 
tended periods to parts in 10,000, so 
that the stability of the circuit for 
short periods is comparable with that 
of a battery, whilst over long periods 
it is better than would be obtained 
using batteries. The general design 
is arranged so that the back power 
supply unit can, if desired, be inter- 
changed with a unit of similar size 
containing battery supplies for field 
use or in other applications where bat- 
teries are preferred. This mains or 
battery-operated Universal Photo- 
electric Photometer, together with 
tubular mounting for the photometer 
unit, which may later be described 
more fully elsewhere, has been de- 
veloped in a form suitable for small- 
scale manufacture. 
Referring again to Fig. 14, the rea- 
son for mounting the photometer 
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unit away from the diffusing window 
of the integrator was to ensure that 
the light accepted by the photocell 
shall be sensibly parallel. Care was 
also taken to allow the whole of the 
photocell cathode to view the whole 
of the diffusing window. These two 
precautions were taken for the rea. 
sons given in Section (61). A 
sliding filter carrier in front of the 
diffusing window of the sphere en. 
ables a ready check to be made from 
time to time on the constancy of the 
spectral response of the photocell. 
liquid filter combination by the inser- 
tion of a series of 2-inch square colour 
filters of known integral transmission, 
The handle for operating this filter 
carrier can be seen on the left in 
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Fig. 15. Circuit of simplified form of control 
cabinet of new mains operated universal 
photoelectric photometer. 


Fig. 14. Due to the departures from 
the C.LE. average eye spectral re 
sponse at the ends of the visible spec- 
trum, referred to in Section (6.1), it 
was found in practice, when measur- 
ing some types of electric discharge 
lamps, that corrections must be made 
to the measured values. The correc: 
tion, if any, for each class of 
discharge lamp can be estimated by 
reference to measurements by the 
best multi-obsegver visual photo 
metric technique or by the dispersion 
and mask method. 

Ideally, in order to achieve the 
most consistent results, the photocell 
and liquid filter should be tempera 
ture-controlled, as in the dispersion 
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and mask apparatus, but this refine- 
ment has so far not appeared to be 
justified because of the small but 
comparable errors which arise due to 
the small unavoidable departures 
from average eye sensitivity. 


As mentioned in connection with 
the dispersion and mask method, the 
highest stability in photometric cali- 
bration is achieved by keeping the 
photocell permanently fatigued at 
about the mean working level, and in 
the apparatus in Fig. 14 two small 
fatiguing lamps are mounted near 
the diffusing window inside the 
square section-box between the sphere 
and the photocell. A small red cir- 
cular window, which can be seen in 
the photograph, provides a visual in- 
dication showing whether or not the 
fatiguing lamp is switched on. The 
normal practice is to leave this lamp 
on continuously except during the 
short period when test lamps in the 
sphere are actually being measured. 


(6.3) RESULTS AND DISCUSSION 


The accuracy of measurements 
made using the Preston type liquid 
filter matched to KMV6 photocells 
may be judged by reference to 
Table VI, which contains the integral 
transmissions of a number of filters 
measured directly by this means. For 
purposes of comparison, the true in- 
tegral-transmissions of the filters are 
also included; these have been calcu- 


lated from the spectral transmission 
data. 

Whilst it might be concluded from 
the results in Table VI that most light 
sources could be measured by refer- 
ence to tungsten filament lamps with- 
out appreciable error, as indicated in 
section (6.2), it has been found neces- 
sary to make small corrections when 
measuring some types of discharge 
lamps. It is clear, therefore, that this 
method of achieving a fairly close 
approximation to average eye re- 
sponse is suitable in a number of ap- 
plications, provided its limitations are 
realised and suitable corrections made 
where necessary. 


(7) Some Characteristics of Electric 
Discharge Lamps Affecting Light 
Measurements 


The following sub-sections deal 
with the special precautions which 
have to be taken when setting up the 
various types of electric discharge 
lamp for photometric measurement. 


(7.1) Errect or ELECTRICAL MEASURING 
INSTRUMENTS 


It is general practice when photo- 
metering discharge lamps to set them 
up to rated watts, although in certain 
cases they may be set up to rated volts 
across the lamp and control gear. 
When using normal portable types of 
dynamometer wattmeter for this pur- 
pose, care must be taken to avoid 
errors which may arise under certain 


Table VI. 
Preston Liquid Filter and KMV6 Photocell. 
Typical Measurements on Integral Transmission of filters for light from a tungsten 
filament lamp operating at 2850°K. 



































| Colour é Colour | Calculated | Measured % Diff. | 
| Temp. of Filter of Type Integral Trans- Cols. 6 | 
Source No. Filter No. Trans. mission from 5 
(1) (2) (3) (4) (5) (6) (7) 
2850°K. R262P35 Red Wratten 25 24.1 23.9 —0.8 
” R104A40 Yellow Ly 86 63.6 64.5 +1.4 
” R104E40 9s = 86B 79.1 79.7 +0.8 
” R111D39 | Green Ilford 1.89 1.89 0 
” R103D40 | Blue Wratten 78B 51.0 51.3 +0.6 
. R132B39 si _ a 10.21 10.30° +0.9 | 
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conditions. Such meters may be con- 
nected in circuit, as -in Fig. 16a or 
16b. The circuit in Fig. 16a is in 
general suitable for setting up to 
rated watts discharge lamps of mains 
voltage type down to about 80 watts, 
provided a correction is made for the 
current taken in the pressure coils of 
the wattmeter and the voltmeter if 
one is included. In the circuit of 
Fig. 16b the pressure coils of the 
wattmeter and voltmeter are con- 
nected on the side of the ammeter and 
current coil of the wattmeter remote 
from the lamp. In this case the lead 
connecting the ammeter and lamp 


aaa 
ome | 
| Ors ae | 





sumed by the lamp under these con. 
ditions are likely to lead to difficul. 
ties if dynamometer instruments are 
used. This is due to the appreciable 
added load of the meter in paralle} 
with the lamp, which will alter the 
control conditions and in consequence 
modify the waveform and perform. 
ance of the lamp. In some cases small. 
wattage lamps operating from trans. 
formers have been prevented from 
striking, due to the load of the 
dynamometer pressure coil so modi- 
fying the voltage waveform that the 
peak voltage is appreciably reduced, 
Somewhat similar troubles may be ex. 
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Fig. 16. Circuit for setting up discharge lamps with dynamometer measuring 
instruments showing switch for (a) Measuring volts across the lamp—position L. 
) Measuring volts across the lamp and ammeter—position A. 


terminals should be short and of low 
resistance, so that the voltage drop 
across it is as small as possible. This 
circuit can be used with advantage 
where the error due to the volt drop 
across the current coil of the watt- 
meter and ammeter is small in com- 
parison with the arc voltage, as it 
avoids having to make corrections for 
the current taken by the pressure coils 
of the wattmeter, as in the circuit 
of Fig. 16a. 


Although it is comparatively easy to 
set up lamps together with their con- 
trolling gear (ie., choke or trans- 
former) at rated overall volts, at- 
tempts to measure the watts con- 


perienced when setting up to rated 
watts small-wattage discharge lamps 
controlled by series chokes. I 
general, if these small-wattage lamps 
are set up to watts using dynamo 
meter wattmeters in the circuit of 
Fig. 16a, only small errors in lumens 
are likely to result, which can prob 
ably be neglected in most commercial 
measurements, but the lamp-current 
measurement is likely to be appre 
ciably in error from this cause. 


(7.2) APPLICATION OF THERMIONIC 
WATTMETER TO THIS PROBLEM 


These difficulties, referred to in the 
previous section, may be overcome by 
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the use of a multi-range combined 
thermionic wattmeter, ammeter, and 
voltmeter developed by Macfadyen 
and Hill (1°). This instrument includes 
a precision dynamometer, the pres- 
sure coils of which are driven from a 
very stable feed back amplifier, the 
gain of which is practically indepen- 
dent of the valve characteristics. The 
input impedance of this instrument is 
several megohms, and it has a large 
number of wattage, voltage, and cur- 
rent ranges. The high input imped- 
ance enables it to be used for setting 
up discharge lamps of all ratings, in- 
cluding the very low wattage types 
referred to above, without appreciably 
disturbing their operating conditions, 
and no correction to the observed 
readings is necessary. This thermionic 
instrument has been in daily use for 
this class of work since 1941, since 
when it has held its calibration to 
within plus or minus } per cent. In 
view of this satisfactory performance, 
two more instruments of this same 
general form, but of engineered de- 
sign, are in course of construction, 
and, when completed, will be used in 
this same application. 


(7.3) Lamp STABILISATION TIME. 


The time taken from the moment 
of switching on for discharge lamps 
to reach thermal equilibrium, and in 
consequence stable light output, 
varies with the type of lamp, and 
whilst this effect is very apparent in 
the case of the high-pressure mercury 
and sodium types, because during the 
early stages of the running-up time 
the light output is extremely low, the 
much smaller change from the instant 
of starting fluorescent types has, 
nevertheless, to be taken into account 
when making photometric measure- 
ments. The peculiar stabilising char- 
acteristics of the various types of dis- 
charge lamp are dealt with under the 
following sub-headings :— 





— 1299 — 





(7.3.1) HPMV Types, including those 
with Fluorescent Outer Bulbs. 


The high-pressure mercury vapour 
type of lamp reaches thermal equili- 
brium and constancy of light out- 
put about five to ten minutes after 
switching into circuit, assuming that 
the choke setting is constant through- 
out this time, but if, as is often the 
case when setting up lamps to a par- 
ticular wattage, the choke or overall 
voltage is adjusted during the run- 
ning-up period, then it is necessary 
to allow time for complete stabilisa- 
tion after the last adjustment of choke 
or overall voltage has been made. In 
some instances it may be found neces- 
sary to allow up to 15 minutes for 
complete stabilisation. 


(7.3.2) Sodium Lamps. 


Sodium lamps may take as long as 
45 minutes to stabilise, and during 
this period it is essential that they 
should not be disturbed mechanically, 
otherwise migration of the sodium 
may result, causing a change in light 
distribution and possibly in total 
lumens. Also, about 30 minutes is 
required to allow the lamp to cool 
down before it can be removed from 
the photometer, as it is extremely 
difficult, and almost impossible, to 
move the lamp during this cooling 
period without disturbing the sodium 
distribution in the lamp, which may 
result in a change in light output 
when it is next operated. It is thus 
almost impossible to arrange- for pre- 
heating positions outside the photo- 
meter in order to speed up the rate of 
measurement as is normal practice 
when making commercial measure- 
ments on other types of electric dis- 
charge lamps. 


(7.3.3) Neon Lamps 


Neon lamps stabilise almost instan- 
taneously, and therefore present no 
difficulties in this connection. 





(7.3.4) Tubular Fluorescent Lamps. 


Special care must be taken with 
these lamps as not only is a stabilisa- 
tion time of up to 15 minutes neces- 
say, but precautions must be taken 
against the disturbing effects of 
draughts, which may cause local cool- 
ing and therefore variations in 
temperature of the fluorescent 
powder along the length of the tube. 
Because of the dependence of light 
output on the temperature of the 
lamp, great care must be exercised to 
avoid draughts, not only in the photo- 
meter, but also while lamps are in 
preheating circuits, to ensure that the 
changing from the preheating posi- 
tion to the test position does not un- 
stabilise the lamp and defeat the 
object of the preheating positions. In 
practice this makes it necessary to 
arrange sensibly draught-free enclo- 
sures both for the preheating posi- 
tions and in the photometer. This 
condition is not too difficult to fulfil 
when the lamp is operating in an in- 
tegrating photometer, but may prove 
embarrassing when attemptng to 
make directional measurements of 
candle-power in a large photometer 
room. In these latter conditions it is 
sometimes necessary, if the best ac- 
curacy is essential, to provide special 
screening facilities to keep draughts 
from the lamp position. 


Another point which must be taken 
into account in this general connec- 
tion is that the temperature distribu- 
tion along the tube will be different 
when the lamp is operating hori- 
zontally compared with that in the 
vertical position. So that if measure- 
ments of the candle power polar dis- 
tribution are to be made by the point 
to point method, the lamp must not 
be operated and rotated in the more 
convenient plane if values are to be 
obtained representative of its polar 
distribution when operating hori- 
zontally. Also, it must not be rotated 


continuously about its axis in order 
—_— 
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to facilitate the determination of 
zonal measurements. : 


(7.4) LiGHT-AMBIENT AND WALL 
TEMPERATURE RELATIONSHIPS 


In the preceding section brief refer. 
ence was made to the temperature 
dependence of the light output of 
tubular fluorescent lamps. This js 
quite important when setting up such 
lamps for photometric measurements, 
and investigations have shown that 
for lamps operating in still air the 
relationship between ambient and 
wall temperature and light output 
are not the same for all types of tubu- 
lar fluorescent lamp. Whilst the 
average of a large number of tests on 
80-W. lamps indicate a negative tem- 
perature coefficient of lumens with 
ambient or wall temperature of 
closely 0.5 per cent. per degree over 
the range 20 to 25 degs. C., conflicting 
results have been obtained beyond 
this range, and there has been a 
tendency for individual lamps to show 
considerable departures from _ the 
average performance outside _ this 
range, especially at the low tempera- 
ture end, where in some cases the 
slope of the curve is reversed and the 
knee of the curve is not always at the 
same temperature. Also, lamps of 
other wattages have shown slopes 
other than 0.5 per cent. degree aver- 
age, even in the 20 to 25 per cent. C. 
range. 


It is desirable, therefore, that all 
lamps should be photometered at one 
ambient temperature, namely, 20 per 
cent. C., or, alternatively, the results 
corrected to that temperature. Be- 
cause of the uncertainties which may 
arise outside the range 20 to 25 per 
cent. C., attempts are generally made 
to keep measurements within this 
range of ambient temperature. This, 
of course, is not always possible, but 
for the reasons already stated it is 
important when making photometric 
measurements outside this range 
and/or when measuring lamps of 
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unknown or uncertain lumen-tem- 
perature relationships, either to keep 
to 20 per cent. C., or actually to 
measure the lumen-temperature re- 
lationship of the particular lamp 
being photometered, and_ correct 
accordingly. 

One convenient method of measur- 
ing the wall temperature is to wind 
round the lamp a helix of fine tung- 
sten wire such as is used for. making 
tungsten lamp filaments, and to use 
this as a resistance thermometer, 
referenced to the ambient tempera- 
ture measured by a mercury ther- 
mometer in the vicinity of the lamp 
while it is out of circuit. The wall 
temperatures can then be estimated 
from the change in resistance of the 
tungsten wire and the published tem- 
perature resistance characteristics of 
tungsten (11). This, of course, only 
gives the outside wall temperature 
of the tubular bulb, but calculation 
indicates that the temperature 
gradient in the glass is small and 
that, therefore, the temperature of 
the fluorescent powder is little 
different from that of the outside 
wall. This latter measurement is 
mainly of interest from the point of 
view of the fluorescent powder 
characteristics and the performance 
of tubular fluorescent lamps in light- 
ing fittings, etc. and for photo- 
metric purposes it is usually sufficient 
only to record the ambient tempera- 
ture of the still air in the vicinity of 
the lamp. From a few preliminary 
measurements which have been 
made, there is no indication of any 
serious change of colour with small 
change of temperature within this 
range 


(7.5) Time, Licut, CoLouR aND COLOUR 
RENDERING RELATIONSHIPS 


The change through life of the 
several characteristics of various types 
of discharge lamps, including the 
fluorescent types, will only be touched 
on here in order to indicate to what 
extent this effect must be taken into 


account when making photometric 
measurements, and when considering 
discharge lamps generally from the 
point of view of their suitability for 
use as reference lamps, for calibrat- 
ing photometers by _ substitution 
methods. 


Apart from the initial stabilising 
times which have already been dealt 
with in Section (7.3), because of the 
general tendency for discharge lamps, 
with the exception of neon lamps, to 
show a greater rate of fall in light out- 
put during the first 100 hours life, as 
compared with tungsten filament 
lamps, this must be taken into account 
when ageing such lamps preparatory 
to calibrating them for use as sub- 
standards. In general, such lamps will 
have reached an acceptable rate of 
change of light output with time when 
they have operated for two or three 
hundred hours. 


Preliminary measurements of the 
change through life of colour and 
colour rendering properties indicate 
that, as different from the light output, 
in general there appears to be no 
significant change in these character- 
istics during the first 100 hours, and 
even after 1,000 hours the changes are 
small. 


(8) Candle Power to Lumen Step, 
Special Integration Problems 


Because of the many different 
shapes and forms of discharge lamps, 
and particularly because of the length 
of some tubular fluorescent lamps, it 
has been difficult to flnd photometric 
integrators of appropriate size in 
which to photometer them. Even with 
integrators large enough to contain 
them, the length of some of these 
lamps was comparable with the dia- 
meter of the integrator, so that it was 
doubtful whether the sphere would 
truly integrate the light from such 
lamps. In view of these doubts, in- 
vestigations were made to cross- 
check the measurements made in in- 
tegrators with the lumens calculated 
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from the polar distribution of lamps 
measured by the point to point 
method. Details of these investiga- 
tions are given in the following sub- 
section. 


(8.1) Lumens oF 5-FT. AND 3-FT. 
TUBULAR FLUORESCENT LAMPS FROM 
Po.aR DISTRIBUTION 


The 3-ft. and particularly the 5-ft. 
tubular fluorescent lamps brought 
with them special problems of photo- 
metric integration, as in the Labora- 
tories at Wembley the largest spheri- 
cal integrators available for this work 
were of 5-ft. diameter. By fitting 
specially recessed lampholders in the 
walls of the sphere, it was just possible 
to operate the 5-ft. lamps in the 5-ft. 
diameter spheres, but considerable 
uncertainty existed as to the accuracy 
of integration in these circumstances. 
Having in mind the normal ratio of 
size of source to size of integrator 
necessary in order to ensure accuracy 
in lumen measurements (12), it was 
feared that serious errors might arise, 
due to the limitation of size of inte- 
grators. 

It was therefore decided to make 
polar distribution measurements on 
some lamps, calculate the lumens, and 
compare these values with those 
obtained when the same lamps were 
measured in a 5-ft. spherical inte- 
grator. 

Because of the limitations arising 
from the temperature dependence of 
the light output, detailed in Section 
(7.4), the lamps could not satisfac- 
torily be operated in a normal form 
of polar’ distribution apparatus. 
Special arrangements had, therefore, 
to be made to operate the lamps hori- 
zontally in a sensibly draught free 
portion of the photometer room, with 
facilities for rotating the lamp by 
hand between measurements, both 
about its centre in a horizontal plane 
and also about its own main axis. 

Another difficulty arose due to the 
length of the lamp, because if a true 
polar distribution was _ required, 


square law would need to hold, which 
would require the distance from lamp 
to photometer to be about ten times 
the length of the lamp, which was 
impracticable. The long distance was 
impracticable for two reasons, the first 
being that although the length of the 
photometer run could be accommo. 
dated by opening doors into the ad. 
jacent laboratory, originally provided 
for the purpose, during the war this 
room was being used for other pur- 
poses, so that this procedure was in- 
convenient. Also, at the long distance 
the illumination on the photometer 
head would have been too low to 
allow of accurate visual photometry. 
It was particularly desired to make 
these measurements by the best visual 
heterochromatic methods, because at 
that time reliable photoelectric ap 
paratus with accurate average eye re- 
sponse was not available for making 
directional candle-power measure 
ments. 

A special visual photometer head 
was therefore prepared of the form 
shown in Fig. 17, having a very wide 
angle of view in order to ensure that, 





Fig. 17. Special visual photometer head. 


even with the 5-ft. tube mounted ata 
fixed distance of about 10 ft. from the 
photometer head, the whole of the 
magnesium oxide smoked test plate 
was receiving light from the whole of 
the tube in all positions, including 
that at which the tube was at right 
angles to the photometer bench axis 
Under these conditions, with a smoked 
magnesium oxide test plate accurately 
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obeying cosine law, and a fixed dis- 
tance between it and the lamp centre, 
it was possible to make polar measure- 
ments from which to determine the 
total lumens of the lamp under test. 
These polar measurements were not, 
of course, measurements of the true 
polar distribution of the lamp which 
would have been obtained at a dis- 
tance about ten times the maximum 
lamp dimension such as would be 
necessary for square law to be obeyed 
to an accuracy of the order of 1 per 
cent. For the purpose of determining 
lumens, however, it does not matter 
that the polar distribution is distorted 
by virtue of the closer distance, as 
clearly, provided the test plate obeys 
cosine law, the integration of the 
polar measurements of candle power 
will give the true lumens of the 
lamp. All the precautions detailed in 
Section 7 must, of course, be taken 
with regard to the operation of the 
lamp. 


Using a group of six observers and 
the minimum colour difference visual 
photometric technique, a few 5-ft. 
§0-W. tubular fluorescent daylight 
colour lamps were measured in this 
manner, by reference to tungsten fila- 
ment directional candle-power stan- 
dard lamps, calibrated by N.P.L., and 
the lumens calculated by taking the 
mean values at every 10 deg. in six 
equally angularly spaced planes 
through the main axis of the lamp. 
To avoid draughts, the section of the 
toom in which the lamp was operated 
was screened off from the rest of the 
toom. The lamp was operated hori- 
zontally, and, between readings, ro- 
tated very slowly by hand in a hori- 
zontal plane to each of the angles in 
tum. Having completed all the 
positions in one plane, the lamp was 
totated through 30 deg. about its own 
axis, and readings again taken at 
every 10 deg. This same process was 
tepeated through all the planes, so 
that values were obtained at each of 
a total of 204 points. from which the 
lumens were calculated. 


The six observers did not take 
readings at all the positions, as this 
would have meant operating the lamp 
longer than would have been safe 
from the point of view of ensuring 
constancy to a high accuracy through- 
out the work. A sufficient number of 
points were measured by six 
observers throughout the full set of 
readings to establish that the mean 
obtained was systematically related 
to the observations of the one ex- 
perienced observer who made 
measurements at all the points. The 
true lumens were calculated by 
reference to the “level” of the mean 
of the six observers. 


(8.2) LumMEeN MEASUREMENTS IN 5-FT. 
SPHERE 

These same lamps were then 
measured in a 5-ft. diameter spherical 
integrator, again using six observers 
and the minimum colour difference 
method, this time by reference to gas- 
filled tungsten filament lamps cali- 
brated by N.P.L. for total lumens. 
As’ expected, these values did not 
agree with those obtained by the 
polar distribution method. The 
following investigations were, there- 
fore, made to determine the cause of 
the errors which were believed to be 
due to imperfect integration. 

Obviously the error might have 
been due either to the differences in 
the polar distribution of the 5-ft. 
lamp as compared with the tungsten- 
filament standard lamps by refer- 
ence to which the photometer was 
calibrated, or to the absorption of the 
5-ft. lamp in the sphere being greater 
than that of the tungsten standard 
lamps, or a combination of these 
errors. 

Measurements of the relative 
absorption in the sphere of the 
tungsten filament standard lamps 
used and the 5-ft. tubular fluorescent 
lamps showed that the additional 
absorption of the 5-ft. lamp was 
closely the same as the difference 
between the lumens determined by 
the point to point method, the 
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lumens obtained in the 5-ft. sphere 
being lower. The method used for 
measuring the absorption of the 
lamps -in the integrator was that 
described by Holweg (15), in which 
a small lamp is arranged close 
to the side of the sphere and screened 
from the lamp and diffusing window 
af the integrator. This lamp is used 
to illuminate the sphere diffusely 
while measurements of window 
brightness are made with and with- 
out the lamps in position in the 
sphere but not in circuit. The per- 
centage differences of these readings 
indicate directly the absorption of the 
obstructing bodies in the integrator, 
and it has been found that whilst the 
absorption of new 5-ft. lamps in a 
5-ft. sphere is of the order of 2 or 3 
per cent., this usually increases 
through life up to about 5 per cent., 
although in extreme cases absorptions 
as much as 10 per cent. have been 
measured. These investigations indi- 
cated that the lumens of lamps of this 
class could be determined in a 5-ft. 
diameter spherical integrator pro- 
vided appropriate corrections were 
made for the difference in the absorp- 
tion of the standard and test lamps 
in the integrator, and this was subse- 
quently independently confirmed 
later by the close agreement in lumen 
measurements made on a batch of 
5-ft. lamps measured by this method, 
with the results obtained by N.P.L. 
in a 10-ft. diameter spherical in- 
tegrator. This procedure has, there- 
fore, been adopted for all such 
measurements. 


(8.3) LumEN MEASUREMENTS IN Box 
INTEGRATORS 

In the previous section it has been 
shown how accurate measurements 
of lumens of 5-ft. tubular fluorescent 
lamps can be made in a 5-ft. diameter 
sphere, but this is not a very practic- 
able method where large numbers of 
routine commercial measurements 
have to be made for initial rating pur- 
poses, and also to determine the per- 
formance through life of some 


G, T. WINCH ON PHOTOMETRY AND COLORIMETRY OF FLUORESCENT 


hundreds of lamps on life test, par. 
ticularly where floor space is at a 
premium. 

It seemed probable that box tyes 
integrators might be suitable for this 
purpose, provided substitution 
methods of calibration were used, and 
about five years ago integrators of this 
form were constructed and tried out, 

These integrator boxes were made 
6 ft. by 2 ft. by 2 ft., with the lamp 
positioned along the main axis of the 
box, and a screen halfway between it 
and the diffusing window in the centre 
of the top of the box. The front is 
hinged at the top and fitted with 
counter-balance weights, so that when 
opened the hinged side remains ap- 
approximately horizontal, as shown in 
Fig. 18, which shows also the control 
and indicating instruments on the 





Fig. 18. Box type integrator. 


table below. Above the diffusing win- 
dow is a selenium rectifier type photo- 
cell, covered by a glass filter for modi- 
fying the spectral response, so that it 
roughly approximates to that of the 
C.LE. average eye. The photocell is 
operated in a Campbell-Freeth () 
circuit, on which the voltage setting 
of the potentiometer to produce a 
null deflection of the galvanometer is 
closely proportional to the photo 
electric current. The potentiometer 
and galvanometer are shown on the 


table at the extreme right of Fig. 18. 


Extended tests were carried out with 
this photometer, taking all the pre 
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cautions necessary in connection with 
the operation of the lamps, as detailed 
in Section (7). The photometer was 
calibrated by substitution methods 
using 5-ft. lamps, which had been cali- 
brated in the Photometric Standards 
Laboratory, and subsequently a num- 
ber of lamps measured which had 
operated for different lengths of life, 
and, as with similar measurements in 
the spherical integrator, low values 
were obtained on some of the lamps, 
due presumably to the difference in 
their absorption in the box integrator 
as compared with that of the lamps 
with which the photometer was cali- 
brated. These differences amounted to 
as much as 8 per cent. in extreme 
cases, and could not therefore be 
tolerated. Although a few prelimin- 
ary attempts were made to measure 
and correct for the absorption of indi- 
vidual lamps, it soon became evident 
that this could not be contemplated 
asa regular routine. Consideration of 
this problem led to a compromise 
which has enabled a reasonable com- 
mercial accuracy of measurement to 
be achieved without having to correct 
observed readings because of the dif- 
ferent absorption of individual lamps. 


In connection with the measure- 
ment of tungsten filament lamps 
during life test it has long been re- 
cognised that in photometers where 
the test lamps are substituted for the 
standard lamps, as different from the 
less convenient technique in which 
the standard and test lamps are 
simultaneously in the integrator, it 
may be desirable to reduce the reflec- 
tivity of the matt white integrator 
paint in order to limit the errors 
which otherwise would occur when 
photometering lamps which have 
blackened to different degrees through 
life. It is for this reason that in the 
BSS. 354, 1945, for Photometric In- 
tegrators, the reflection factor of the 
matt white paint is allowed to be as 
low as 70 per cent., the upper limit 
being 90 per cent. If the light source 
had no absorption, a paint of the 
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highest possible reflectivity would be 
chosen in order to achieve the best 
possible integrating properties, but as 
in practice the light source may have 
an appreciable absorption, a com- 
promise must be adopted. 

The error which results from the 
effect of the absorption by the lamp 
by the reflected light in a spherical 
photometric integrator, and in con- 
sequence the extent to which the 
sphere wall and diffusing window of 
the integrator is reduced in bright- 
ness, is given by the following rela- 
tionship:— 

1: 1+ {a’ A/a (1—a’ A)} 
where a- and a’ are the absorption 
factors of the integrator wall, and 
of the object, respectively, and A is 
the superficial area of the object rela- 
tive to that of the integrator (45). 

Assuming that approximately , the 
same relationship exists for the box 
type integrator, this formula has been 
used to calculate the effect which 
would be expected due to the presence 
in the integrator of a cylindrical body 
the size of a 5-ft. tubular fluorescent 
lamp, having reflection factors of 0, 
50, and 90 per cent., the reflection 
factor of the white integrator paint 
being 85 per cent. Similar calcula- 
tions have been made assuming a re- 
flection factor of 50 per cent. for the 
integrator paint and all these results 
are summarised in Table VII. 

From the results in the table it will 
be seen that reducing the reflection of 
the integrator paint to 50 per cent. 
would be expected to reduce the 
errors arising when measuring 5-ft. 
tubular fluorescent lamps at the end 
of life, such that the small remaining 
differential error is unlikely to be of 
a magnitude such that correction 
would be necessary to commercial 
measurements. It was realised, how- 
ever, that if grey paint were used the 
integrating properties of the box 
would suffer. Fortunately, in this 
particular application, it seemed prob- 
able that by virtue of the pure sub- 
stitution method of calibration the im- 
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perfections of integration from this 
cause would be unlikely to introduce 
errors of any significance in these 
commerical measurements. 

In order to confirm theoretical ex- 
pectations, strips of black adhesive 
tape were stuck onto the white paint 
_ of the box integrator, the strips being 
arranged longitudinally at a distance 
apart equal to their own width. This 
in effect provided an average reflec- 
tion factor of about half that of the 
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(9) Measurement of Illuminatig 
from Tubular Fluorescent Lamps & 
Low Mountifg Height 

For the sake of completeness men. 
tion should be made of the special dif. 
ficulties which may be experience 
when attempting to measure the 
illumination from tubular fluorescent 
lamps, particularly the 5-ft. length, 
when operated at very low mounting 
heights, such as are prevalent for cer. 
tain classes of lighting where high 


Table VII. 
Effect on wall and diffusing window brightness of cylindrical absorbing body 5 ft, 
long and 1} in. dia. in 6 ft. x 2 ft. x 2ft. box integrator. 






































l | Relative Wall 
Integrator | Reflection | Absorbing Reflection and Window 
Paint factor | Body factor Brightness 
(1) | (2) | (3) (4) | (5) 
| White | 85%, ] White 90% 0.993 
Grey 50% 0.967 
| | Black 0% 0.935 
| - — 
| Grey 50% | White 90%, 0.998 
| | Grey 50% 0.99 
| Black 0% 0.98 
normal white paint. An extended illumination is required for fine work. 


series of tests were then made of the 
lumens of 5-ft. tubular fluorescent 
lamps which had operated for differ- 
ent lengths of life; these were 
measured for lumens in this box inte- 
grator and also in the Photometric 
Standards Laboratory. The results of 
these comparison tests in general con- 
firmed theoretical expectations and 
the errors arising with lamps of differ- 
ent absorptions were shown to be so 
reduced as to make it difficult to dis- 
sociate them from the small repetition 
and calibration errors, so that it would 
obviously not be necessary with an in- 
tegrator of such a reflection factor to 
make any correction to the com- 
mercial measurements. A decision 
was taken as the result of this con- 
firmation of theoretical expectations 
and the integrator was painted a matt 
grey adjusted to have a reflection 
factor in the region of 50 per cent. and 
subsequent further measurements 
have shown that this procedure has 
been amply justified. 


This problem has been dealt with in 
detail by Morton (16), who has indi- 
cated the extent of the errors which 
may occur when making - such 
measurements, due to the size and 
proximity of source because of the 
angle of the incident light on the test 
plate used, particularly where this test 
plate is the sensitive surface of a 
selenium rectifier type photocell ina 
photoelectric illumination _photo- 
meter. The departures from true 
cosine response of selenium rectifier 
photocells are shown to introduce ap- 
preciable errors in certain cases, and 
the magnitude of these errors and the 
method of correcting them is dealt 
with fully. 


(10) Errors which Arise if the Colour 
of Tubular Fluorescent Lamps is 
Stated as a Colour Temperature 

In Section (5) the methods employed 
in determining the colour and lumit- 
osity in spectral bands of light sources 
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have been dealt with in detail, and 
it will be realised that these tech- 
niques provide a unique measure of 
the colour rendering properties of 
light sources, and in particular tubular 
fluorescent lamps. 

It seems unfortunate, therefore, that 
there has been a tendency to try and 
specify the colour of tubular 
fluorescent lamps in terms of a colour 
temperature, as at least in the present 
state of the development of these 
lamps this may be misleading. In the 
past the colour temperature of a light 
source has been the temperature of a 
black body, the light from which 
matches in colour that of the light 
source to which the colour tempera- 
ture is assigned, assuming that the 
light source in question radiates in the 
visible spectrum as a black or grey 
body, ie., has the same shape of spec- 
tral distribution curve as a black 
body. 

Although the spectral distribution 
of some classes of tubular fluorescent 
lamp approximates that of a black 
body in the visible spectrum, others 


. 
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Fig. 19. C.I.E. trichromatic coefficients of 

typical daylight and warm white colour 

tubular PuTnePe lamps, also black body 
ocus. 


differ appreciably. Whilst, therefore, in 
the former case the spectral distribu- 
tion may be so adjusted that although 
it departs somewhat in form from that 
of a black body it is a close colour 
match to that of a black body, in the 
latter case not even the colour 
matches that of a black body. This is 
illustrated in Fig. 19, where the colour 


of typical Daylight and Warm white 
lamps have been plotted on the C.LE. 
trichromatic system. It will be seen 
that neither type of lamp is actually 
on the black body locus, and that 
whilst a temperature might be 
assigned to the Daylight lamp, the 
Warm white lamp is so far from the 
black body locus that no temperature 
could be assigned to it. Even in the 
former case the temperature assigned 
would not be a colour temperature in 
the accepted sense. This practice is 
therefore deprecated until and unless 
the spectral energy distribution of 
such sources approximates closely 
that of a black body in the visible 
spectrum. 


(11) Summary and Conclusions 


By comparison with the established 
visual methods of heterochromatic 
photometry it is shown that the new 
photoelectric methods of achieving 
accurately C.ILE. average eye sensi- 
tivity greatly facilitate the colour step 
from tungsten filament standard 
lamps to electric discharge lamps of 
all types and all coloured light sources. 
Such measurements can be made com- 
paratively quickly by one observer in- 
stead of a group, resulting in a very 
considerable saving of time. 

The dispersion and mask method 
described enables not only the lumens 
of the lamps to be measured, but in 
addition and in quick succession the 
C.I.E. trichromatic coefficients of the 
colour of the source, and the colour 
rendering properties in terms of 
luminosity in eight agreed spectral 
bands, or colour bands. This facility 
is of great value in appraising electric 
discharge lamps, particularly the 
tubular fluorescent type, as the use- 
fulness of such lamps cannot be 
judged only by reference to the 
efficiency performance and life, as was 
the case with incandescent filament 
lamps. Another feature of this same 
apparatus is that spectral and integral 
transmission of colour filters can 
readily be measured, and also the 
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trichromatic coefficients of the colour 
of light transmitted by the filters from 
any desired light source. It is hoped 
that when a second instrument be- 
comes available the same general tech- 
nique may be used to measure the 
tristimulus values of reflected light 
from white and coloured materials. 
Although all the general design re- 
quirements have been met in this in- 
strument, and it has been shown by 
its performance during the past year 
that a useful accuracy can be 
achieved, small troubles have been 
experienced which have been clearly 
due to the experimental nature of the 
construction. These difficulties will, 
it is hoped, be avoided in a new en- 
gineered design which has recently 
been completed, and the constructiori 
of which is in hand. It is felt that this 
general class of instrument will be 
the ultimate solution to the problems 
of heterochromatic photometry, colori- 
metry, and the measurement of 
colour rendering properties of light 
sources, etc. It is, however, of neces- 
‘sity a long-term project to construct 
the required instruments for this pur- 
pose, and it is mainly for this reason 
that brief reference has been made 
in the paper to liquid filters for use 
with photocells which in combination 
provide an approximation to the C.LE. 
average eye sensitivity which is suffi- 
ciently good for a number of applica- 
tions. 


It was felt very necessary to stress 
the peculiar difficulties which arise 
particularly with tubular fluorescent 
lamps in connection with characteris- 
tics which affect the light output, and 
must therefore be taken into account 
when photometering them. 

Due to their size and shape, these 
lamps have created new photometric 
integration problems, and also diffi- 
culties when measuring the illumina- 
tion from them at low mounting 
heights, all of which it is shown have 
been surmounted by special tech- 
niques. 


Although the convenience of being 


able to refer to the colour of tubula 
fluorescent lamps by one figure 
namely, colour temperature, 
realised, it was felt necessary to stres 
the limitations of this practice, which 
can be misleading, and in general js 
to be deprecated. 

Limitation of space has made it 
necessary only to deal briefly with 
some aspects of this fairly extensive 
programme of work which has covered 
a period of years, but it is hoped that 
it may be possible for certain 
specialised sections of it to be dealt 
with in more detail at a later date. 
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DISCUSSION 
Mr. J. S. Preston, after an ex 
pression of admiration of the work 
Mr. Winch had done, asked if any 
other industrial laboratories had at 
tacked the same problems. It would 
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be interesting to hear their experience 
and their views on the usefulness and 
maintenance of such a piece of 
apparatus. 

Personally, he thought there were 
still some possible sources of error. 
For instance, were photocells really as 
stable as was assumed? What was the 
departure of the energy distribution 
curve of the tungsten lamp from the 
true black body distribution? Any 
such departure would lead to error in 
the initial design of a mask, and it 
would be interesting to know if the 
departure was appreciable. 

He thought there might also be 
room for other systematic errors 
which would need a lot of watching to 
keep the system in proper working 
order. However, the apparatus in- 
volved intricate constructional work 
and the author was to be congratu- 
lated on making it a really practical 
instrument. 

The author had been kind enough to 
refer to a filter with which he (the 
speaker) had been concerned at the 
National Physical Laboratory. The 
Preston filter had received spasmodic 
attention for some years, with some 
interruption during the war. The full 
spectro-photometric data had, how- 
ever, been collated and made available 
to several commercial firms and Ser- 
vice Departments during the war. 
The material was now being written 
up in a form suitable for publication. 

Commenting on the performance of 
one of these filters, he gave figures on 
the blackboard which, he pointed out, 
indicated a characteristic very similar 
to the one represented in the slide 
shown by Mr. Winch. With a photo- 
tell and a correction filter of this kind 
it was possible to measure the 
total transmission of colour filters to 
a fair degree of accuracy, but he did 
not regard that as a severe test of per- 
formance, and he wondered whether 
such a test was a sufficiently severe 
check on Mr. Winch’s more refined 
system. 

With regard to the stability of 


photocells he had been interested to 
investigate whether the spectral re- 
sponse curve was subject to a tempera- 
ture coefficient. If so, and if the effect 
on the spectral response character- 
istic were large, close thermostatic 
control of the photocell Would be 
necessary. Work was in progress at 
the N.P.L. on this subject. Up to the 
present no indication of a definite re- 
versible change with temperature had 
been discovered for the best types of 
photocell. More disturbing, however, 
was the fact that uncontrollable 
changes sometimes occurred, with 
variations of perhaps as much as-+ 10 
per cent. in sensitivity in certain 
regions of the spectrum. The precise 
cause was not yet certain. With less 
refined types of photocell, however, 
which have been used for photometric 
purposes by various other workers, 
quite large temperature coefficients of 
spectral sensitivity had been con- 
firmed. 


Dr. J. N. AtpInctTon said it was 
always difficult in a lecture of the 
type just delivered to describe in one 
hour work which had been carried out 
continuously over a number of years, 
and he had been impressed by Mr. 
Winch’s description of the universal 
physical photometer, which had been 
the main subject of the paper. 

With Mr. Winch he strongly depre- 
cated the tendency in certain quarters 
to describe the colour of a fluorescent 
lamp by its equivalent position on the 
black body locus, not only for the 
reasons already mentioned, but be- 
cause such a system might lead to re- 
strictions on the work of people con- 
cerned with fluorescent lamp develop- 
ments. It might well be, he said, that 
a lamp with a colour lying on the 
black body locus would not be the 
best lamp for a particular service and 
the development of new fluorescent 
compounds might be affected if any 
restrictions were imposed on the 
specification of acceptable colours. 

Mr. Preston had asked for the ex- 
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perience of other commercial labora- 
tories in regard to work of this type. 
In the case of his firm’s laboratories, 
work had gone on rather different 
lines from that of the author. They 
had concentrated very largely on the 
rectifier fype of cell, and by a process 
of selection of the cells, in combination 
with suitable colour filters, it has been 
possible to select cells which could be 


incorporated into standard photo- 
meters for total luminous flux 
measurements, horizontal candle 


power measurements, measurements 
in the eight spectral bands and for 
measurement of the trichromatic co- 
ordinates. That work dated back to 
about 1936 when the first instrument 
was described in a paper before the 
Society. Mr. Winch’s paper, he 
thought, might be unintentionally 
misleading on that point although it 
was clear that he was making a 
general statement. Dr. Aldington 
said he was sufficient of a heretic to 
find value in the direct comparison of 
two light sources for their colour 
rendering effect by means somewhat 
similar to those demonstrated by Mr. 
Winch where a number of coloured 
materials are illuminated side by side 
with the radiation from two different 
light sources. He agreed with Mr. 
Winch that it was necessary to work 
towards greater accuracy in the 
measurement of the eight spectral 
bands, and it was of interest to note 
that with Mr. Winch’s instrument, to- 
gether with those in other research 
laboratories in this country, we 
were now approaching a repetition 
accuracy which made this type of 
measurement worth while in showing 
up differences which could occur be- 
tween different lamps of the same 
objective colour. 

With regard to the effect of tem- 
perature on the output of fluorescent 
lamps, Mr. Winch had mentioned the 
use of a resistance thermometer in the 
form of a fine wire wrapped round the 
outer bulb. It is important in this 
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connection to remember that the -light 
output of a high-pressure mercury 
lamp is conditioned by the tempera. 
ture of the coolest spot in the lamp 
while the light output of the fluor. 
escent lamp is largely conditioned by 
the average temperature. It can be 
shown that it is the percentage con. 
version to 2,537 A.U. radiation from 
mercury which varies with tempera- 
ture and the shape of the tempera. 
ture/resonance radiation emission 
curve for mercury follows very closely 
the shape of the light output curve of 
the fluorescent lamp. The powders 
themselves over the range in question 
are relatively unaffected by tempera- 
ture. 

Dr. Aldington said that in consider- 
ing the grey painting of the rectangu- 
lar integrator described by Mr. Winch 
he was reminded of a story of the early 
days of organic synthesis. When the 
first hydrogen in acetic acid was sub- 
stituted by chlorine the product 
monochlor-acetic acid was described 
as having the same properties of acetic 
acid. Similarly, when dichloracetic 
acid was produced its properties were 
again stated to be similar to those of 
acetic acid. This led a rival chemist 
to suggest that when the whole of the 
acetic acid molecule was substituted 
by chlorine, leaving only chlorine this 
would still be acetic acid. He felt that 
when Mr. Winch paints his integrator 
with grey paint he had only to goa 
further step and paint it black and he 
would apparently still describe it as 
an integrator while surely it would be 
an instrument for measuring horizon- 
tal candle power. While he thought 
that it was perfectly reasonable to 
measure horizontal candle power ina 
darkened box of the type described by 
Mr. Winch, it was surely of doubtful 
validity to describe the process as one 
of integration. 

In conclusion, he congratulated Mr. 
Winch on his very apt demonstrations 
in which the operation of a precision 
scientific instrument had been demon- 
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strated by means of simple lecture 
apparatus. 


Dr. J. W. T. WaLsH associated him- 
self with the congratulations that had 
been extended to the author for, like 
Dr. Aldington, he knew a little of the 
yery large amount of work that was 
involved in what had been described 
in the paper. 

Two questions had been worrying 
him since he saw the paper. The first 
one he put with some diffidence be- 
cause he was never very much at 
home with a dispersion system, but he 
wondered whether there was any pos- 
sible error due to stray light which 
might be eliminated by a combination 
of the filter with the mask arrange- 
ment. If one took a cell and filter 
combination which gave a good ap- 
proximation to the result obtained by 
the average eye, and then used the 
mask to get rid of the finer differences 
between the two curves, any stray 
light would not produce very much 
error, or the error would be of a sec- 
ond order. 


As to his second point, he said the 
author had touched him on a rather 
tender spot when he produced an in- 
tegrator more like a coffin than a 
sphere, and then proceeded to make 
matters worse by painting it a dark 
grey. The author had spoken of a 50 
per cent. reflection factor but person- 
ally he had a very strong feeling that 
a50 per cent. reflection factor for the 
walls of even a spherical integrator 
might produce quite noticeable errors. 
When, however, it was applied to a 
coffin-shaped integrator, he was sure 
the results would be seriously in error 
unless the distribution of light from 
the test lamp and the standard were 
very closely the same. Therefore, he 
asked the author if he had tried the 
eect of comparing two lamps of a 
similar form, or perhaps the same 
lamp, with a small black band pasted 
found it at different places along its 


length, because he had a strong feeling 
that the gradual deterioration in the 
brightness of fluorescent lamps did 
not occur evenly along the tubes. Thus 
he could see the possibility of serious 
error if a standard was being used in 
which there was practically uniform 
brightness from one end to the other. 
Had the author made any experiments 
along those lines by measuring the 
light at different spots along the tube? 


The measurement of the total flux 
from fluorescent tubes by what might 
be called the point to point method 
was mentioned in the paper. That 
was quite an important matter be- 
cause at the National Physical Labora- 
tory they had been worried not only 
with the measurement of fluorescent 
tubes as tubes but with the horrible 
thought that they would be asked to 
measure the total flux from a tube 
when put into a trough reflector or 
when it was hung about in all sorts of 
ways. This brought him to another 
matter. The author stated that in the 
point to point method he measured in 
the horizontal plane and then turned 
the tube through 30 deg., but there was 
the possibility that the tube might 
change its distribution when turned 
round, and he asked if the author had 
any evidence to indicate that we were 
not living in a bit of a fool’s paradise 
as far as that particular method was 
concerned. 


Mr. R. Donaldson congratulated the 
author on the success he had achieved, 
pointing out that other attempts at the 
same thing had produced far less 
accurate results. The author, however, 
had evolved a permanent apparatus, 
whereas he considered that an adjust- 
able apparatus was required, and he 
favoured the projector method which 
eliminated some of the detail work 
necessary with the author’s method, 
although he appreciated that this 
might be difficult in practice. He also 
expressed some doubt as to the 
accuracy of the colour measurements 
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as compared to those resulting from 
photometric methods. 


Mr. H. R. Rurr agreed with Dr. 
Aldington that black body colour 
temperature measurements did not 
correctly define the colour of a 
fluorescent lamp. Regarding the 
author’s difficulty of measuring this 
colour appearance with the mask 
system, the task of obtaining suffi- 
cient accuracy was certainly a diffi- 
cult one for which he had found it 
necessary to make a special colori- 
meter. 

The iow brightness of these lamps 
and their use close to, and often 
alongside, each other made it possible 


for the user to notice easily colour: 


differences so small that it was diffi- 
cult to measure them with normal 
colorimeters. In the special instru- 
ment three fluorescent lamps made 
with suitable component fluorescent 
powders were used as_ primaries. 
When a colour match was obtained 
the spectral radiation of the lamp 
under test was practically identical 
with that from the primaries, largely 
eliminating measurement differences 
due to individual observers and 
allowing a wide angle viewing head 
to be used. This gave a colour dis- 
crimination adequate for this task. 
Colour appearance measurements 
alone were not sufficient for control- 
ling the colour quality of fluorescent 
lamps since it was the colour render- 
ing power of their radiation which 
was most important. Provided 
energy measurements were made to 
ensure the constancy of the radiation 
from component powders’ then 
measurements of the colour appear- 
ance of finished lamps would auto- 
matically control their colour 
rendering characteristics. The speed 
with which measurements could be 
made with the colorimeter made it 
most valuable for obtaining the 
necessary quantity measurements for 
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statistical examinations of fluorescen 
lamp colours. 

The fact that the light output o 
fluorescent lamps was very closely 
dependent upon the average tem. 
perature of the tube was of consider. 
able importance from the point of 
view of carrying out the difficu 
lantern tests mentioned by Dr. Walsh, 
A suitable thin wire, wound with 
two or three turns along the lamp 
could be used as a resistance ther. 
mometer, and by measuring lamp 
efficiencies for various wall tempera. 
tures and by noting the wall tempera. 
tures during lantern tests, the optical 
efficiency of the lantern and its effeet 
on the lamp running temperature 
could be separately determined. 

With regard to integrators, the 
effect of a long light source, even ina 
large integrator, might be of interest, 
He had found that with a ft. 
fluorescent lamp placed with its axis 
parallel to the window of a 6ft 
diameter spherical integratof having 
an 80 per cent. reflection coating, the 
necessary correction for lamp length 
was only 0.7 per cent. 


Mr. HarpING supported what Dr. 
Walsh had said with regard to the 
use of a combination of filter and 
mask, and asked whether it was likely 
that this plan could be adopted. 


Mr. G. T. Wrncu, replying to the 
discussion, said that with regard to 
Mr. Preston’s suggestion that there 
might still be sources of error in the 
Physical Eye apparatus, he had been 
confronted with rather a_ difficult 
situation. The urgent need for appar- 
atus suitable for making measure- 
ments quickly and accurately had 
made it necessary to design and con- 
struct the apparatus based on past 
experience and to leave the full 
exploration of the points in question 
until after the apparatus was 
completed. 

Dealing first with the question of 
the stability of the spectral response, 
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as far as the photo-cell was concerned, 
measurements on two cells of the ratio 
of the spectral response at 0.55y and 
(56 indicated a change of the order 
of } per cent. for a change in tempera- 
ture of about 10 degrees. This had 
appeared to be a reversible effect over 
ashort period of time, although there 
was some evidence that the effect was 
not reversible over long periods of 
time. The subsequent fitting of a 
constant temperature enclosure round 
the photo-cell had, however, appeared 
to have resulted in a considerably 


improved’ stability in spectral 
response. Suspected changes in the 
overall spectral response of the 


apparatus, due to changes in disper- 
sion, had been shown to be very small 
by comparison, and comparable with 
the repetition accuracy of measure- 
ment. All the evidence to date 
pointed to changes in the overall 
spectral response of the apparatus 
being due mainly to changes in the 
photo-cell response at the red end of 
the spectrum, and that control of tem- 
perature resulted in a reduction of this 
effect. 


So far he had assumed that the 
spectral distribution of tungsten in 
the visible spectrum was the same as 
that of a black body, as he had seen 
no evidence to the contrary. In view 
of the good results so far obtained 
there would not appear to be de- 
partures of any serious magnitude 
from the assumed black body distribu- 
tion. 


He hoped Dr. Aldington did not feel 
that reference to his own work had 
been deliberately omitted from the 
paper. Reference had, in fact, been 
made to his and other work in the 
earlier paper published in 1940, and it 
had not been felt necessary or desir- 
able to repeat them. He and his col- 
leagues had been very fortunate in 
their happy collaboration with the 
other vommercial laboratories, includ- 
ing that with which Dr. Aldington 
Was associated, and this had enabled 


intercomparisons to be carried out 
which had been of the greatest mutual 
assistance. 

As to the comments that had been 
made concerning the grey painted 
integrator, he said he was fully aware 
of the errors in integration involved, 
which had in fact been stressed in the 
paper. The point was that in com- 
mercial measurements it was not a 
very practical proposition to measure 
and make corrections for the absorp- 
tion in the integrator of each indivi- 
dual lamp, and the grey integrator pro- 
vided a working compromise. Aséthe 
tubular fluorescent lamps in question 
all had closely the same form of polar 
distribution, provided pure substitu- 
tion methods of calibration are 
adopted, a comparatively imperfect 
integrator can be used without intro- 
ducing serious errors. By recourse to 
the grey painted integrator he had 
reduced the differential error due to 
the absorption of new lamps, as com- 
pared with those which had completed 
life test, to about 1 per cent., as 
compared with the differences of 
several per cent. which occurred with 
the white painted integrator. As 
pointed out in the text of the paper, 
extensive comparisons on lamps 
measured for lumens in the Standards 
Photometric Laboratory had shown 
that a satisfactory commercial accur- 
acy had been achieved in the grey box 
integrator. 

He had not carried out any tests 
with black bands round the lamps at 
different positions along their length, 
as Dr. Walsh had suggested, but this 
was an interesting suggestion which 
he hoped to carry out at a later date. 

Concerning Dr. Walsh and Mr. 
Harding’s suggestion to reduce stray 
light by putting a filter in the optical 
system having a svectral transmission 
which, without the mask, would give 
an overall response approximately 
that of the average eye, whilst this 
would reduce the accuracy necessary 
in the mask-making technique and had 
been done by other workers, it was 
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not necessary in order to minimise 
stray light, as this was effectively 
achieved by the recombining optical 
system and exit slit. Also, it might be 
difficult to obtain and incorporate 
suitable filters for use with the 
spectral band masks. 

Mr. Donaldson’s preference for the 


large adjustable mask, described jp 
the earlier paper in 1940, was intereg, 
ing, but it was hoped that the bette 
stability achieved by operating th 
photo-cell at a constant temperatur 
would be found to justify the use of 
the more compact photographie 
masks. 
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